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CLONING AND CHARACTERIZING OF GENES 
ASSOCIATED WITH LONG-TERM MEMORY 
Description 

Background of the Invention 
5 Activation of the cyclic 3' , 5' -adenosine monophosphate 

(cAMP) signal transduction pathway can have long- lasting 
global consecfuences through its influence on the expression 
of specific genes. This is true for simple organisms as 
well as mammals, where many of the known cAMP- responsive 
10 genes can have important neural and endocrine roles. 

Additional information regarding activation of this pathway 
would be useful, particularly as this activation pertains 
to the ability of animals to remember activities or events. 

Summary of the Invention 

15 The present invention is based on Applicants' 

discovery of the dCREBl and dCREB2 genes. The present 
invention is further based on Applicants' discovery that 
the Drosophila CREB2 gene codes for proteins of opposite 
functions. One isoform (e.g., dCREB2-a} encodes a cyclic 

20 3 ' , 5 ' -adenosine monophosphate (cAMP) -responsive 

transcriptional activator. Another isoform (e.g., dCREB2- 
b) codes for an antagonist which blocks the activity of the 
activator. 

When the blocking form is placed under the control of 
25 the heat -shock promoter, and transgenic flies are made, a 
brief shift in temperature induces the synthesis of the 
blocker in the transgenic fly. This induction of the 
blocker (also referred to herein as the repressor) 
specifically disrupts long-term, protein synthesis 
30 dependent memory of an odor- avoidance behavioral paradigm. 
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As a result of Applicants' discovery, a method is 
herein provided to regulate long term memory in an animal. 
The method of regulating long term memory described herein 
comprises inducing expression of a dCREB2 gene or a 
fragment thereof in the animal- 

The dCREB2 gene encodes several isoforms. Examples of 
an isoform encoded by the dCREB2 gene are dCREB2-a, dCREB2- 
b, dCREB2-c, dCREB2-d, dCREB2-q, dCREB2-r and dCREB2-s. 

The isoforms encoded by the dCREB2 gene include cAMP- 
responsive activator isoforms and antagonistic blocker (or 
repressor) isoforms of the activator isoforms. Cydic AMP 
responsive activator isoforms can function as a cAMP- 
responsive activator of transcription. Antagonistic 
repressors can act as a blocker of activators. An example 
of a cAMP- responsive activator isoform is dCREB2-a. An 
example of an antagonistic repressor (or blocker) isoform 
is dCREB2-b, The terms blocker and repressor are used 
interchangeably herein. 

In one embodiment of the invention, the dCREB-2 gene 
encodes a cAMP- responsive activator isoform and inducing 
said gene results in the potentiation of long term memory. 

Alternatively, inducing the dCREB2 gene encoding a 
cAMP- responsive activator isoform activates the production 
of a protein which is necessary for the formation of long 
term memory. 

In another embodiment of the invention, the dCREB2 
gene encodes a repressor isoform and inducing said gene 
results in the blocking of long term memory - 

A further embodiment of the invention relates to a 
method of regulating long term memory in an animal 
comprising inducing repressor and activator isoforms of 
dCREB2 wherein long term memory is potentiated in the 
animal when the net amount of functional activator (AC) is 
greater than zero. 
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The invention also relates to a method of identifying 
a substance capable of affecting long term memory in an 
animal comprising the determination that said substance 
alters the induction or activity of repressor and activator 
5 isoforms of dCREB2 from normal in the animal. 

As referred to herein, an activator isoform includes 
dCREB2"a and functional fragments thereof and a repressor 
isoform includes dCREB2-b and functional fragments thereof . 
Other' embodiments of the invention relate to a method 

10 of enhancing long term memory formation in an animal 

comprising increasing the level of activator homodimer from 
normal, decreasing the level of activator- repressor 
heterodimer from normal, or decreasing the level of 
repressor homodimer from normal in the animal . 

15 Still another embodiment of the invention relates to a 

method of Ident if ying a Rubstanc^ capable of affecting long 
term memory in an animal comprising the determination that 
said substance alters activator homodimer, activator- 
repressor heterodimer and/or repressor homodimer formation 

20 from normal in the animal. 

As referred to herein, an activator homodimer includes 
the dCREB2a homodimer, an activator- repressor heterodimer 
includes the dCR£B2a-dCR£B2b heterodimer, and a repressor 
homodimer includes the dCR£B2b homodimer. 

25 A further embodiment of the invention relates to 

isolated DNA encoding a cAMP responsive trauiscriptional 
activator. Such a cAMP responsive transcriptional 
activator can be encoded by a Drosophila dCREB2 gene or by 
homologues or functional fragments thereof. For example, a 

30 cAMP responsive transcriptional activator can be encoded by 
the dCREB2 gene which codes for dCREB2-a or by a gene 
encoded by the sequences presented herein . 

Still another embodiment of the invention relates to 
isolated DNA encoding an antagonist of c AMP -inducible 

35 transcription. Such an antagonist of cAMP- inducible 
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transcription can be encoded by a Drosaphila dCREB2 gene or 
by homologues or functional fragments thereof. For 
example, an antagonist of cAMP- inducible transcription can 
be encoded by the dCREB2 gene which codes for dCREB2-b- 
5 Another embodiment of the invention relates to 

isolated DNA (SEQ ID NO. : 25) which encodes a Drosophila 
dCR£B2 gene or functional fragments thereof. 

A further embodiment of the invention relates to 
isolated DNA encoding an enhancer-specific activator. Such 
10 an enhancer- specific activator can be encoded by a 

Drosophila dCREBl gene or by homologues or functional 
fragments thereof. 

Another embodiment of the invention relates to 
isolated DNA encoding a nitric oxide synthase of Drosophila 
15 (DNOS) . Such DNA can encode a DNOS of neuronal locus . The 
DHOS encoded can contain, for example, putative heme, 
calmodulin, flavin mononucleotide (FMN) , flavin adenine 
dinucleotide (FAD) and nicotinamide adenine dinucleotide 
phosphate, in its reduced form, (NADPH) binding site 
20 domains. 

A further embodiment of the invention relates to a 
method for assessing the effect of a drug on long term 
memory formation comprising administering the drug to 
Drosophila, subjecting the Drosophila to classical 

25 conditioning to at least one odorant and electrical shock, 
and assessing the performance index of the classical 
conditioning, wherein the effect of the drug occurs when it 
alters the performance index from normal. The drug can 
affect long term memory formation by, for exanple, altering 

30 the induction or activity of repressor and activator 
isof orms of dCREB2 . 

A still further embodiment of the invention relates to 
the assessment that ah animal will have an enhanced or, 
alternatively, a diminished capability of possessing long 

3 5 term memory. This assessment can be performed by 
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determining the amount of cAMP- responsive activator 
isoforms, cAMP-responsive repressor or blocker isoforms, or 
dimers of these isoforms that are present in the animal, 
where these isoforms are encoded by the CREB2 or a 
5 homologous gene. Enhanced capability of possessing long 
term memory will be more likely as the amount of activator 
exceeds the amount of repressor, i.e. in direct proportion 
to the size of the net amount of functional activator (AC) 
when this quantity is greater than zero. Conversely, 

10 diminished capability of processing long term memory will 
be more likely as the amount of repressor exceeds the 
amount of activator, i.e. in direct proportion to the size 
of the net amount of functional activator (AC) when this 
quantity is less than zero. 

15 Another embodiment of the invention relates to a 

screening sssay of pharmaceiitics-l agents 3.s enh=ir*cers of 
long term memory or as obstructors of long term memory in 
animals. The screening assay is perfonneci by determining 
the change in the amount of cAMP- responsive activator 

20 isoforms, cAMP- responsive repressor or blocker isoforms, or 
dimers of these isoforms that is present in an animal or, 
more preferably, in a cell culture system or in Drosophilei 
when the pharmaceutical agent is present, in comparison to 
when the pharmaceutical agent is not present, where these 

25 isoforms are encoded by the CREB2 or a homologous gene. 

Enhancers of long term memory cause a net increase in the 
amount of activator isoforms relative to the amount of 
repressor isoforms, i.e. an increase in the net amount of 
functional activator (AC) . Obstructors of long term memory 

30 cause a net decrease in the amount of activator isoforms 
relative to the amoxint of repressor isoforms, i.e. a 
decrease in the net amount of functional activator (AC) . 
The pharmaceutical agent can cause these changes by acting, 
for example, to alter the egression (transcription or 

35 translation) of the respective activator and/or r^pr^ssor 
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isoforms from the CREB2 or a homologous gene, to alter the 
formation of activator homodimers, activator-repressor 
heterodimers and/or repressor homodimers from the expressed 
isoforms, or to alter the interaction of one or more of 
5 these isoform or dimer types at their molecular targets. 
The long term memory activator isof orm/repressor isoform 
system herein disclosed provides a unique platform for 
conducting such screening assays. 

A further embodiment of the invention relates to an 
10 assay of pharmaceutical agents for their property as 

facilitators or hinderers of long term memory in animals. 
The assay is performed by administering the pharmaceutical 
agent to Dxrosophxl^ prior to subjecting the Drosophlla to a 
Pavlovian olfactory learning regimen. This regimen 
15 assesses the long term memory capabilities of the 

Drosophila, by subjecting the flies to a massed and/or a 
spaced training schedule . Transgenic lines of these flies 
containing altered dCREB2 genes can be used to further 
elucidate the long term memory facilitation or hindering 
20 property of the pharmaceutical agent. The assay provides 
data regarding the acquisition of long term memory by the 
Drosophila after exposure to the pharmaceuti<:al agent . 
These data are compared to long term memory acquisition 
data from Drosophila that have not been exposed to the 
25 pharmaceutical agent. If the exposed flies display faster 
or better retained long term memory acquisition than the 
unexposed flies, the pharmaceutical agent can be considered 
to be a facilitator of long term memory. Conversely, if 
the exposed flies display slower or less retained long tearm 
30 memory acquisition than the unexposed flies, the 

pharmaceutical agent can be considered to be a hinderer of 
long term memory. Since the genetic locus for this long 
term memory assay in Drosophila resides in the dCREB2 gene, 
the results from this assay can be directly applied to 
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..Her ani.a.. .na. hav. Ho.oXc.ous .ene.lc Xoci <CKEB3 or 
CREM genes) . 

niir f p ?°7-^a r^^*^^ — ^ „^ /cpo iDNO.: l) and 

^ . deoicts the DNA sequence (SEQ ID nu. 

Figure lA ^g^Q NO.: 2) of the 

predicted amino acxd ^^^^^^^^.^ ^^^.^^ ^nd leucine 
,CKHB2-a coding --^^ J^^^ :;"3olid and broKen bold 
dipper domains ^J^^l^^^^^^^-o^S^^ residues in 
underlining, ^^^'^^''^'ifjjj^. periodic leucines in the 
the basic region are cxrcled, P activation domain 

.ipper motif are boxed; ^^-^^^/^^tt, target 

a- -^^^^'^ 22.. .s indicated by 

sites for kinases, startxng altematively- 
a bold outline; and sequences -P-^^^^ ^ 

spliced exons 2. 4 and 6 are shaded.^ of the bZIP 

Figure IB depicts -"^K^^a^a^ian CREB (SEQ ID 

domains of dCREB2 (SEQ ID ' ' ^^^^ NO.: 6). 

NO.: CK^ -^VdC^^ Tnd 4b are boxed. 

Differences between .^'^ , . ^f dCREB2 isoforms 

^^-^^ ^ rouLrrrerrfinrd'wrth respect to dCKEB.-a. 
with the exon boundaries aet 

Diagram is ^^^f HargXh^epresentation of results 

Figure 3 xs a bar ^ ^ ^.^^^^ activation by 

showing pKA-responsxve transcrxp 

dCREB2 -a . _ representation of results 

Figure 4 xs * .^^^ ^f dCREB2-b and a mutant. 

showing the ---^^^^^^^^/JtatU by dCREB2.a. 
variant on pKA-responsxve --^/Z^^^^^,, ,d HO.: 7) and 

Figure 5 depxcts the « ^ ^ ^ 3, tl,e dCREBl 

predicted amino -VaTcTe^ir^ leucine zipper domains 
coding -^^l^l' broken bold underlining, 
are indicated by solxd an ^^gidues in the basic 
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domain, negatively- charged amino acids are underlined and 
proline residues are indicated by diamonds . 

Figure 6 is a bar graph representation of results 
showing transcriptional activation of a CRE reporter gene 
5 by dCREBl in Drosophila Schneider L2 cell culture. 

Figure 7A is a photomicrograph of a Northern blot 
depicting the effect of heat shock induction on dCREB2-b 
expression: wt = wildtype flies; CREB - 17-2 transgenic 
flies; lanes 1-2: no heat shock; lanes 2-3: immediately 
10 after heat shock; lanes 5-6: three hours after heat shock. 

Figure 7B is a photograph of a Western blot depicting 
the effect of heat shock induction on dCREB2-b protein 
production: wt = wildtype flies; CREB - 17-2 transgenic 
flies; lanes 1-2: no heat shock; lanes 2-3: immediately 
15 after heat shock; lanes 5-6: one hour after heat shock; 
lanes 7-8: three hours after heat shock; lanes 9-10: 9 
hours after heat shock; lanes 11-12: 24 hours after heat 
shock. 

Figure 7C is a photograph of a Western blot depicting 
20 the effect of heat shock induction on dCREB2 and dCREB2-mLZ 
(a mutated dCREB2-b) protein production: wt = 17-2 
transgenic flies (expressing wildtype blocker, dCREB2-b) ; m 
= A2-2 transgenic flies (expressing mutsmt blocker , dCREB2 - 
mLZ) ; lanes 1-2: no heat shock; lanes 3-4: immediately 
25 after heat shock; lanes 5-6: three hours after heat shock; 
• lanes 7-8: six hours after heat shock. 

Figure 8 is a bar graph representation of results 
showing the effect of cycloheximide (CXM) feeding, before 
or after spaced or massed training," on one -day memory 
30 retention: stripped bars = +CXM; hatched bars « -CXM. 

Figure 9A is a bar graph representation of results 
showing the effect of heat shock induction on one -day 
memory retention in wildtype (Can-S) flies and hs-dCl?£B2-b 

transgenic (17-2) flies given spaced or massed training: 



BNSOOCIO: «WI O ■ e611270ft1 I > 



wo 96/11270 PCT/US95/13198 



-9- 

hatched bars « wildtype (Can-S) flies; stripped bars: hs- 
dCREB2-b transgenic (17-2) flies; hs « heat shock. 

Figure 9B is a bar graph representation of results 
showing the^ ef fect jof_hea.t.„shock induction on one -day 
5 memory retention in wildtype (Can-S) flies or h8'dCREB2-b 
transgenic (Mll-1) flies given spaced or massed training: 
hatched bars « wildtype (Can-S) flies; stripped bars: hs- 
dCREB2'b transgenic (Mll-1) fiies; hs = heat shock. 

Figure 9C is a bar graph representation of results 

10 showing the effect of heat shock induction on learning in 
wildtype (Can-S) flies and h3'dCREB2-b transgenic (17-2) 
flies given spaced or massed training: hatched bars « 
wildtype (Can-S) flies; stripped bars: hS'dCREB2'b 
transgenic (17-2) flies; hs « heat shock. 

15 Figure 10 is a bar graph representation of results 

showing che effect or heat, shock. xiiuucLiori on. oxic-day 
memory retention in wildtype [w (isoCJl)] flies, h8-dCREB2-b 
transgenic (17-2) flies, and mutant hs-dCREB2-niLZ 
transgenic (A2-2) flies given spaced training: hatched bars 

20 = wildtype [w(isoCJl)] flies; stripped bars = hs-dCREB2-b 
transgenic (17-2) flies; white bars = mutant hs-dCREB2-xnLZ 
transgenic (A2-2) flies; hs - heat shock. 

Figure 11 is a bar graph representation of results 
showing the effect of heat shock induction on seven -day 

25 memory retention (long term memory) in wildtype (Can-S) 

flies and hs-dCREB2~b transgenic (17-2) flies given spaced 
training: hatched bars - wildtype (Can-S) flies; stripj>ed 
bars « hS'dCREB2~b transgenic (17-2) flies; hs = heat 
shock. 

30 Figure 12 is a bar graph representation of r^esults 

showing the effect of heat shock induction on one -day 
memory retention in hS'dCREB2'b transgenic (17-2) flies, 
radish mutant flies, and radish hs-dCKEB2-b double mutant 
(irsh/I7-2) flies given spaced training: hs = heat shock; 

35 hatched bars = -hs; stripped bars « +hs. 
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Figure 13A is a graphic representation of results 
showing the effect of repeated training sessions on seven- 
day memory retention (long term memory) in wildtype (Can-S) 
flies with long term memory as a function of the number of 
5 training sessions indicated by open circles and a negative 
accelerating exponential Gompertz (growth) function fit to 
the individual performance indexes (Pis) using a nonlinear 
iterative least squares method indicated by the solid line. 
Figure 13B is a graphic representation of results 

10 showing the effect of the rest interval between each 

training session on seven-day memory retention (long term 
memory) in wildtype (Can-S) flies with long term memory as 
a function of the rest interval indicated by open circles 
and a negative accelerating exponential Gompertz (growth) 

15 function fit to the individual performance indexes (Pis) 

using a nonlinear iterative least squares method indicated 
by the solid line- 

Figure 14 depicts a conceptual model of a molecular 
switch for the formation of long term memory based on 

20 differential regulation of CREB isoforms with opposing 
functions with AC indicating the net effect of CREB 
activators. 

Figure 15A is a bar graph representation of results 
showing the effect of 48 massed training sessions (48x 

25 massed) or 10 spaced training sessions with a 15-minute 

rest interval (lOx spaced) on seven-day memory retention in 
wildtype (Can-S) flies. 

Figure 15B is a bar graph representation of results 
showing the effect of one (Ix) , two (2x) or ten (lOx) 

3 0 massed training sessions, three hours after heat -shock 

induction of the transgene (induced) or in the absence of 
heat - shock (uninduced) , on seven-day memory retention in 
wildtype (Can-S) flies, hsp'dCREB2'a, transgenic {C28) 
flies, and h8p*dCREB2'a transgenic (C30) flies: black bars 

35 = wildtype (Can-S) fli^s; stripped bars ^ hsp-dCREB2-a 
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transgenic (C28) flies; and white bare ^ hsp'dCREB2-ci 
transgenic (C30) flies. 

Figure 15C is a bar graph representation of results 
showing responses three hours after heat shock in wildtype 
5 (Can-S) flies and hsp-dCREB2-a transgenic (C2S) flies to 
odors, either octanol (OCT) or methyl eye lohexanol (MCH) , or 
to shock (60 V DC) : black bars « wildtype (Can-S) flies; 
stripped bars «= hsp-dCREB2-SL transgenic (C28) flies. 

Figure 16A-16C depict the deduced amino acid sequences 

10 of DNOS and mammalian NOSs with amino acid numbering 

starting at the first methionine in each open reading frame 
(ORF) , putative binding domains for cpfactors (overlined) 
demarcated as in previously published reports on mammalian 
NOSs, and amino acids which have been proposed as contacts 

15 with FAD and NADPH based on crystal structure of the 

ferrodoxin NADF* x^ductaae (Karplus, P.A. , wCience, 2Slz 
60-66 (1991)) conserved at equivalent positions (bullet 
points) : DNOS, Drosophila NOS (SEQ ID NO. : 9) ; RNNOS, rat 
neuronal NOS (SEQ ID NO. : 10) ; BENOS, bovine endothelial 

20 NOS (SEQ ID NO.: 11); MMNOS, mouse macrophage NOS (SEQ ID 
NO. : 12) . Sequence alignment and secondary structure 
predictions were performed by Geneworks 2.3 
(IntelliGenetics) . 

Figure 16D is a schematic diagram of the domain 

25 structure of Drosophxlsi and mammalian NOS proteins with the 
proposed cof actor-binding sites for heme (H) , calmodulin 
(CaM) , flavin mononucleotide (FMN) , flavin adenine 
dinucleotide (FAD) , nicotinamide adenine dinucleotide 
phosphate (NADPH) and the glutamine-rich domain (Q) in DNOS 

30 shown. 

Figure 17A is a photograph of a Western blot showing 
DNOS expression in 293 human embryonic kidney cells. 

Figure 17B is a bar graph representation of results 
showing DNOS enzyme activity measured in 293 human 
35 embryonic kidney cell extracts by conversion of ^H-L- 
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arglnine to ^H-Li-citrulline : in the presence of exogenous 
Ca^* or calmodulin (group B) ; in the presence of 1 mM EGTA 
without exogenous Ca^* or calmodulin (group C) ; in the 
presence of 100 tnM L-NAME with exogenous Ca^* or calmodulin 
5 (group D) . 

Figure ISA is a photomicrograph of a Northern blot 
showing a 5.0 kb dNOS transcipt present in Droeophlla 
heads: H « head; B « body. 

Figure 18B is a photograph of an agarose gel stained 
10 with ethidium bromide showing the expression by the dNOS 
gene of two alternatively spliced mRNA species with the 
arrows indicating the positions of the DNA fragments of the 
expected sizes: the 444 bp long-form fragment and the 129 
bp short -form fragment. The other bands present in the 
15 lane are artifacts from heteroduplexes that failed to 
denature. KE = size markers. 

Figure 18C depicts the alignment of the deduced amino 
acid sequence of two protein isofoarms of DNOS and mouse 
neuronal NOS: top part shows the relation between two 
20 conceptual Drosaphila NOS proteins, DNOS-1 (amino acid 

residues 408-427 and 513-532 of SEQ ID NO. : 9) and pNOS-2 
(SEQ ID NO.: 14), corresponding to the longer and shorter 
RT- PGR products, respectively; the bottom part shows the 
relationship between the relevant regions of two protein 
25 isoforms of the mouse neuronal NOS, n-NOS-1 (amino acid 
residues 494-513 and 599-618; SEQ ID NO.: 13 and SEQ ID 
NO-: 15, respectively) and n-NOS-2 (SEQ ID NO.: 16); and 
the numbers indicate the positions of the amino acid 
residues relative to the first methionine in the respective 
30 OFRs. 

Figure i9A-19B depicts the nucleotide sequence (SEQ ID 
NO.: 25) of a dNOS cDNA encoding the DNOS protein. The 
open reading frame of 4050 bp starts at nucleotide 189 and 
ends at nucleotide 4248. 
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Detailed Description of t^ he Invennion 

Applicants have cloned and characterized two genes, 
designated dCREB2 and dCREBl, isolated through a DNA- 
binding expression screen of a DrosophilsL head cDNA library 
5 in which a probe containing three cAMP- responsive element 
(CRE) sites was used. 

The dCREB2 gene codes for the first known cAMP- 
dependent protein kinase <PKA) responsive CREB/ATF 
transcriptional activator in Drosaphila. A protein data 

10 base search showed mammalian CREB, CREM and ATF-1 gene 
products as homologous to dCREB2. For these reasons, 
dCREB2 is considered to be a member, not only of the 
CREB/ATF family, but of the specific cAMP- responsive 
CREB/CREM/ATF-1 subfamily. It is reasonable to expect that 

15 dCREB2 is involved in Drosophilei processes which are 

snslcgcus to thoss vjhich sre thought to depend on cAMP- 
responsive transcriptional activation in other animal 
systems. 

Applicants have shown that the dCREB2 transcript 

20 undergoes alternative splicing. Splice products of dCREB2 
were found to fall into two broad categories : one class of 
transcripts {dCREB2'St, -b, -<:, -d) which employs 
alternative splicing of exons 2, 4 and 6 to produce 
isoforms whose protein products all have the bZIP domains 

25 attached to different versions of the activation domain and 
a second class of transcripts {dCREB2-q, -r, -s) which have 
splice sites which result in in- frame stop codons at 
various positions upstream of the bZIP domain. These all 
predict truncated activation domains without dimerization 

30 or DNA binary activity. 

dCREB2''a, -Jb, -c and -d are splice fozms that predict 
variants of the activation domain attached to a common 
basic region- leucine zipper. These alternative splice 
forms result in seemingly minor changes in the size and 

35 spacing of parts of the activation domain. Nevertheless, 
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alternative splicing of the activation domain has profound 
effects on the functional properties of dCREB2 products. 
Isoform dCREB2-a produces a PKA- responsive transcriptional 
activator in cell culture, whereas dCREB2-b, lacking exons 

5 2 and 6, produces a specific antagonist. This dCREB2 
splicing pattern (and its functional consecjuences) is 
virtually identical to that seen in the CREM gene. 
Similarly located, alternatively-spliced eXons in the CREM 
gene determine whether a particular isoform is an activator 

10 or an antagonist (deGroot, R.P. and P. Sassone-Corsi , Mol . 
Endocrinol . , 7: 145-153 (1993) ; Foulkes, N.S. et al . , 
Nature. 355: 80-84 (1992)). 

The ability of the phosphorylation domain (KID domain) 
to activate in trans other constitutive transcription 

15 factors which are bo\ind nearby could potentially transform 
a CKEM antagonist (vfhich contains the KID domain but is 
lacking an exon needed for activation) into a cAMP- 
responsive activator. Since the modular organization of 
these molecules has been conserved, dCREB2-d could have 

20 this property. 

In contrast to the dCREB2 splicing variants that 
encode isoforms with a basic region- leucine zipper domain, 
the dCREB2-g. -r and -s splice forms incorporate in- frame 
stop codons whose predicted protein products are truncated 
25 before the bZIP region. Isoforms of this type have been 
identified among the products of the CREB gene (deGroot, 
R.P. and P. Sassone-Corsi, Mol. Endocrinol., 7: 145-153 
(1993); Ruppert, S. et al., EMBO J. ,11'. 1503-1512 (1992)) 
but not the CREM gene. The function of these truncated 
30 CREB molecules is not known, but at least one such CREB 
mRNA is cyclically regulated in rat spermatogenesis 
(Waeber, G. et al., Mol. Endocrinol., 5: 1418-1430 (1991) ) . 

So far, dCREB2 is the only cAMP- responsive CREB 
transcription factor isolated from Drosophila. Other 
35 Drosophila CREB molecules, BBF-2/dCREB-A (Abel, T. et al.. 
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Genes Dev., 6: 466-488 (1992); Smolik, S.M. et al . , Mol . 
Cell Biol., 12: 4123-4131 (1992)), dCREB-B (Usui, et 
aJ., DMA and Cell Biology, 12(7): 589-595 (1993)) and 
dCREBl, have less homology to mammalian CREB and CREM. It 
5 may be that dCREB2 subsumes functions of both the CREB and 
CREM genes in Drosophila, The mammalian CREB and CREM 
genes are remarlcably similar to one another in several 
respects. It has been suggested that CREB and CREM are the 
product of a gene duplication event (Liu, F. et al . , J. 

10 Biol. Chem. , 268: 6714-6720 (1993); Riabowol, K.T. et al . / 
Cold Spring Harbor Symp. Quant. Biol., 1: 85-90 (1988)), 
dCREB2 has a striking degree of amino acid sequence 
similarity to the CREB and CREM genes in the bZIP domain. 
Moreover, comparison of alternative splicing patterns among 

15 CREB, CREM and dCREB2 indicates that dCREB2 generates mRNA 
splicing isotorms similar t:o exclusive products of bouh 
CREB and CREM. Taken together, the sequence information 
and the splicing organization suggest that dCREB2 is an 
ancestor of both the mammalian CREB and CREM genes. 

20 As discussed further herein, one phenomenon in which 

dCREB2 might act with enduring consequences is in long-tierm 
memory. This possibility is a particularly tempting one 
because recent work in Aplysia indicates that a CREB factor 
is likely to function in long-term facilitation by inducing 

25 an "immediate early" gene (Alberini, CM. et ail.. Cell, 75: 
1099-1114 (1994); Dash, P.K., Nature, 345: 718-721 (1990)). 
Recent experiments with a conditionally-expressed dCREB2-b 
transgene indicate that it has specific effects on long- 
term memory in Drosophila. 

30 The product of the second gene described herein, 

dCREBl, also appears to be a member of the CREB/ATF family. 
Gel -retardation assays indicate that it binds specifically 
to CREs. It has a basic region and an adjacent leucine 
zipper at its carboxyl end, but this domain shows limited 

35 amino acid sequence similarity to other CREB/ATF genes. 
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The presumed transcriptional activation domain of dCREBl is 
of the acid- rich variety. Furthermore, it has no consensus 
phosphorylation site for PKA. dCREBl can mediate 
transcriptional activation from CRE-containing reporters in 
the DroBophila L2 cell line, but this activation is not 
dependent on PKA. 

A recurrent finding from work on the biology of 
learning and memory is the central involvement of the cAMP 
signal transduction pathway. In Aplysia, the cAMP 
second-messenger system is critically involved in neural 
events underlying both associative and non- associative 
modulation of a behavioral reflex (Kandel, E.R. and J.H. 
Schwartz, Science, 218i 433-443 (1982); Kandel, E-R., et 
al.. In Synaptic Function, Edelmann, G.M., et al . (Eds.), 
15 John Wiley and Sons, New Yor)c (1987); Byrne, J.H. , et al . . 
in Advances ia Second Tiesscngsr snd Phospkoprot^in 
Research, Shenolikar, S. and A.C. Nairn (Eds.), Raven 
Press, New York, pp. 4 7-107 (1993)). In Drosophila. two 
mutants, dunce and rutabaga, were isolated in a behavioral 
screen for defects in associative learning and are lesioned 
in genes directly involved in cAMP metabolism (Quinn, W.G., 
et al., Proc. Natl. Acad. Sci. USA, 71: 708-712 (1974) ; 
Dudai, Y., et al., Proc. Natl. Acad. Sci., USA 73: 1684- 
1688 (1976); Byers, D. et al.. Nature, 269: 79-81 (1981); 
Livingstone. M.S., et al.. Cell, 37: 205-215 (1984); Chen, 
C.N. et al., Proc. Natl. Acad. Sci. USA, 83: 9313-9317 
(1986); Levin, L.R., et al . , Cell, 68: 479-489 (1992)). 
These latter observations were extended with a 
reverse-genetic approach using inducible transgenes 
30 expressing peptide inhibitors of cAMP- dependent protein 
kinase (PKA) and with analyses of mutants in the PKA 
catalytic subtmit (Drain, P. et al., Neuron, 6: 71-82 
(1991) ; Skoulakis, E.M., et al.. Neuron, 11: 197-208 
(1993)). Recent work on mammalian long-term potentiation 
35 (LTP) also has indicated a role for cAMP in synaptic 
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plasticity (Frey, U. , et al,. Science, 2€0z 1661-1664 
(1993); Huang, Y.Y. and E.R. Kandel, In Learning and 
Memory, ^rol. 1, pp. 74-82, Cold Spring Harbor Press, Cold 

Spring Harbor, NY J1994) ) . 

5 The formation of long- lasting memozry in animals and of 

long-term facilitation in Aplysia can be disrupted by drugs 
that interfere with transcription or translation (Agranoff , 
B.W. et al.. Brain Res., 2: 303-309 (1966); Barondes, S.H. 
and H.D. Cohen, Nature, 218i 271-273 (1968); Davis, H.P. 

10 and L.R. Squire, Psychol. Bull., 96: 518-559 (1984); 
Rosenzweig, M.R* and E.L. Bennett, In Neurobiology of 
Learning and Memory, Lynch, G., et al . (Eds.), The Guilford 
Press, New York, pp. 263-288, (1984); Montarolo, P.G-, et 
al. Science, 234z 1249-1254 (1986)). This suggests that 

15 memory consolidation requires de novo gene expression. 
Coritfiuci'cu alon^ witli th^ involvement of the cAM? 
second-messenger pathway, this requirement for newly 
synthesized gene products suggests a role for 
cAMP- dependent gene expression in long-term memory (LTM) 

20 formation. 

In mammals, a subset of genes from the CREB/ATF family 
are known to mediate cAMP- responsive transcription 
(Habener, J.F. , MoI. Endocrinol., 4i 1087-1094 (1990); 
deGroot, R.P. and P. Sassone-Corsi , Mol. Endocrinol., 7: 

25 145-153 (1993)), CREBs are members of the basic region- 
leucine zipper transcription factor superfamily; 
(Landschulz, W.H. etal.. Science, 240: 1759-1764 (1988)). 
The lieucine zipper domain mediates selective homo- and 
hetero-dimer formation among family members (Hai, T.Y. et 

30 al.. Genes & Dev., 3z 2083-2090 (1989); Hai, T, and T. 

Curran, Proc. Natl. Acad. Sci. USA, 88: 3720-3724 (1991)). 
CREB dimers bind to a conserved enhancer element (CRE) 
found in the upstream control region of many 
cAMP-responsive mammalian genes (Yamamoto, K.K., al., 

35 Nature, 334: 494-498 (1988)). Some CREBs beeome 
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transcriptional activators when specifically phoephorylated 
by PKA (Gonzalez, G.A. and M.R. Montminy, Cell, 59: 675-680 
(1989); Foulkes, N.S. et aJ . , Nature, 355: 80-84 (1992)). 
while others, isoforms from the CREM gene, are functional 

5 antagonists of these PKA- responsive activators (Foulkes, 
N.S. et al.. Cell, 64: 739-749 (1991); Foulkes, N. and P. 
Sassone-Corsi, Cell, 66: 411-414 (1992)). 

Work in Aplysia has shown that cAMP- responsive 
transcription is involved in long-term synaptic plasticity 

10 (Schacher, S. et al ., Science, 240: 1667-1669 (1988); Dash, 
P.K., Nature, 345: 718-721 (1990)). A primary neuronal 
co-culture system has been used to study facilitation of 
synaptic transmission between sensory and motor neurons 
comprising the monosynaptic component of the Aplysia 

15 gill -withdrawal reflex. Injection of oligonucleotides 

^^^^^^T^^ rRP. Rites into the nucleus of the sensory neuron 

WW**WM^»w^ — 

specifically blocked long-term facilitation (Dash, P.K., 
Nature, 345: 718-721 (1990)). This result suggests that 
titration of CREB activity might disrupt long-term synaptic 

20 plasticity. 

Described herein is the cloning and characterization 
of a Drosophila CREB gene, dCREB2. This gene produces 
several isoforms that share overall structural homology and 
nearly complete amino acid identity in the basic 
25 region- leucine zipper with mammalian CREBs . The dCREB2-a 
isoform is a PKA- responsive transcriptional activator 
whereas the dCREB2-b product blocks PKA- responsive 
transcription by dCREB2-a in cell culture. These molecules 
with opposing activities are similar in function to 
30 isoforms of the mammalian CREM gene (Foulkes, N.S. et al . , 
Cell, 64: 739-749 (1991); Foulkes, N, and P. Sassone-Corsi, 
Cell, 68: 411-414 (1992); Foulkes, N.S. etal., Nature, 
355: 80-84 (1992)). The numerous similarities in sequence 
and function between dCREB2 and mammalian CREBs suggest 
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that cAMP- responsive transcription is evolutionarily 
consejTved . 

Genetic studies of memory formation in Drosophila have 
revealed that the formation of a protein synthesis- 
5 dependent long-term memory (LTM) requires multiple training 
sessions with a rest interval between them. As discussed 
further herein, this LTM is blocked specifically by induced 
expression of a repressor isoform of the cAMP- responsive 
transcription factor CREB. Also as discussed further 
10 herein, LTM information is enhanced after induced 

expression of an activator form of CREB. Maximum LTM is 
achieved after just one training session. 

To investigate the role of CREBs in long-term memory 
(LTM) formation in Drosophila, dominant -negative transgenic 
15 lines which express dCREB2'b under the control of a 

of flies, which had been heat-shock induced or left 
uninduced, were tested for memory retention after Pavlovian 
olfactory learning. This acute induction regimen minimized 

20 potential complications from inappropriate expression of 

dCREB2-b during development and allowed a clear assessment 
of the effect of hs-dCREB2-Jb induction on memory formation. 

In Drosophila, consolidated memory after olfactory 
learning is composed of two genetically distinct 

25 components: anesthesia-resistant memory (ARM) and long-term 
memory (LTM) . ARM decays to zero within four days after 
training, and formation of ARM is insensitive to the 
protein synthesis inhibitor cycloheximide (CXM) but is 
disrupted by the radish mutation (Folkers, E., et al., 

30 Proc. Watl. Acad. Sci. USA/ 90i 8123-8127 (1993) ) . In 
contrast, LTM shows essentially no decay over at least 
seven days, its formation is cycloheximide-sensitive and it 
is not disrupted by radish. Two different training 
protocols involving massed and spaced sessions were 

35 employed (Ebbinghaus, H. , Uber das Gedachtnis, Dover, New 
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York (1885); Baddeley, A.D. , The Psychology of Memory, 
Basic Books, New York (1976)) to dissect memory formation. 
The massed training procedure consists of ten consecutive 
training cycles with no rest interval between them, while 
the spaced training protocol consists of the same number of 
sessions but with a 15 -minute rest between each. Their 
genetic dissection revealed that the massed protocol 
produced only ARM, while the spaced protocol produced 
memory retention composed of both ARM and LTM. 

The behavioral results show that formation of LTM is 
completely blocked by induced expression of hs-dCREB2-b. 
This effect is remarkable in its behavioral specificity. 
ARM, a form of consolidated memory genetically 
distinguishable from LTM, but co-existing with it one-day 
15 after spaced training, was not affected. Learning and 
peripheral bshavicrs likewise were normal . Thus, the 
effect of the induced hs-dCREB2-b transgene is specific to 
LTM. 

Induction of the mutant blocker did not affect LTM. 
20 This result, together with the molecular data which showed 
that induction of the wild- type blocker did not have 
widespread effects on transcription, suggests that the 
blocker is reasonably specific at the molecular level when 
it specifically blocks LTM. The wild-type blocker may 
25 disrupt cAMP- dependent transcription in vivo, since it can 
block cAMP- responsive transcription in cell culture. It is 
reasonable to infer that diraerization is necessary for 
blocker function and that the wild-type blocker could 
interfere with cAMP- responsive transcription either by 
30 forming heterodimers with dCREB2-a, the activator, or by 
forming homodimers and competing for DNA binding with 
homodimers of dCREB2-a. Thus, activators and repressors 
may form homodimers or heterodimers . It is reasonable to 
infer that long term memory is enhanced when the level of 
35 activator homodimer is increased from normal and/or when 
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the level of activator-repressor heterodimer is decreased 
from normal and/or when the level of repressor homodimer is 
decreased from normal. In any case, the molecular 
target (s) of dCREB2-b are likely to be interesting because 
5 of the behavioral specificity of the block of LTM. 

In DroaophxlB, consolidation of memory into long- 
lasting forms is subject to disruption by various agents. 
A single-gene mutation radish and the pharmacological agent 
CXM were used to show that long-lasting memory in flies is 

10 dissectable into two components, a CXM- insensitive ARM, 
which is disrupted by radish, and a CXM-sensitive LTM, 
which is normal in radish mutants. As described herein, 
CREB- family members are likely to be involved in the CXM- 
sensitve, LTM branch of memory consolidation. The results 

15 described herein, taken together with the showing that 

long-term TTiSmcry xs dxssectobls into Si CXM-inssntivs ARM 
and a CXM-sensitive LTM, show that only one functional 
component of consolidated memoary after olfactory learning 
lasts longer than four days, requires de novo protein 

20 synthesis and involves CREB-family members. 

Based on work in Aplysia, a model has been proposed to 
describe the molecular mechanism (s) underlying the 
transition from short-term, protein synthesis -independent 
to long-term, protein synthesis-dependent synaptic 

25 plasticity {Alberini, CM. et al,. Cell, 75: 1099-1114 
(1994)). The present work in Drosophila on long-term 
memory extends this model to the whole organism. Important 
molecular aspects of this transition seem to involve 
migration of the catalytic subtinit of PKA into the nucleus 

30 (Backsai, B.J. et al.. Science, 260: 222-226 (1993) ) and 
subsequent phosphorylation and activation of CREB-family 
members (Dash, P.K., Nature, 345: 718-721 (1990); Kaang, 
B.K., et al., i^euron, 10: 427-435 (1993)). In flies, it is 
likely that the endogenous dCREB2-a isoform is one of these 

35 nuclear targets. Activated dCREB2-a molecules then might 
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transcribe other target genes, including the immediate 
early genes- -as is apparently the case in Aplysia. 
(Alberini, CM. etal.. Cell, 76: 1099-1114 (1994)). 

It is remarkable that the cAMP signal transduction 
5 pathway, including its nuclear components, seem to be 
required for memory-related functions in each of these 
species and behavioral tasks. Taken together with cellular 
analyses of a long- lasting form of LTP in hippocampal 
slices (Frey, U. , etal.. Science, 260: 1661-1664 (1993) ; 
10 Huang, Y.Y. and E.R. Kandel, In Learning and Memory. 

vol. 1, pp. 74-82, Cold Spring Harbor Press, Cold Spring 
Harbor, NY (1994)), the emerging picture is that 
cAMP- responsive transcription is a conserved molecular 
switch involved in the consolidation of short-term memory 
15 to long-term memory. Thus, it is reasonable to infer that 
di££«i.ential rsgulatior. of CRBB Isoforms serves as a 
molecular switch for the formation of long term memory. 

A universal property of memory formation is that 
spaced training (repeated training sessions with a rest 
20 inteirval between them) produces stronger, longer -las ting 
memory than massed training (the same number of training 
sessions with no rest interval) (Ebbinghaus, H., Uher das 
Gedachtnis, Dover, New York (1685); Hintzman, D.L. , In 
Theories in Cognitive Psychology: The Ijoyola Symposium, 
25 R.L. Solso (Ed.), pp. 77-99, Lawrence Erlbaum Assoc., 

Hillsdale, New Jersey (1974); Carew, T.J., et al. , Science, 
275: 451-454 (1972); Frost, W.N., et al . , Proc. Natl. Acad. 
Sci. USA, 82: 8266-8269 (1985)). This phenomenon also 
exists in fruit flies for a conditioned odor avoidance 
30 response (Tully, T. and W.G. Quinn, J . Camp . Physiol . 157: 
263-277 (1985)). Genetic dissection of this long-lasting 
memory has revealed, however, an important difference 
between massed and spaced training. Spaced training 
produces two functionally independent forms of consolidated 
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memory, ARM and LTM, while massed training produces only 
ARM. 

As described herein, ARM and LTM differ primarily in 
their requirement for protein synthesis during induction. 
5 ARM is not affected when flies are fed the protein 

synthesis inhibitor cycloheximide (CXM) immediately before 
or after training, while LTM is completely blocked under 
the same feeding conditions. ARM in normal flies also 
decays away within four days after training, while LTM 

10 shows no decay for at least seven days. Thus, protein 

synthesis is required to induce LTM, but LTM is maintained 
indefinitely once formed. These latter properties of LTM 
have been observed throughout the animal kingdom (Davis, 
H.P. and L.R. Squire, Psychol. Bull., 96: 518-559 (1984); 

15 Castellucci, V.F., et al . , J.Neurobiol . , 20i 1-9 (1989); 

EibciT , u . , 4J . COilip . Phy&^Ol - PSyOhol m , 90 * 41-46 \197o) ; 

Jaffe, K., Physlol.Behav. , 25: 367-371 (1980)). The 
emerging neurobiological interpretation is that formation 
of LTM involves protein synthesis -dependent structural 

20 changes at relevant synapses (Greenough, W.T., TINS, 7: 
229-283 (1984) ; Buonomano, D.V. and J.H. Byrne, Science, 
249i 420-423 (1990); Nazif, F.A., et al . , Brain Res . , 539: 
324-327 (1991) ; Stewart, M.G., In Neural and Behavioural 
Plasticity: The Use of the Domestic Chick As A Model, R.J. 

25 Andrew (Ed.), pp. 305-328, Oxford, Oxford (1991); Bailey, 
C.H. and E.R. Kandel, Sem.Neurosci . , 6:35-44 (1994)). The 
modem molecular view is that regulation of gene expression 
underlies this protein synthesis -dependent effect (Goelet, 
P. et al.. Nature, 322: 419-422 (1986) ; Gall, CM. and J.C. 

30 Lauterbom, In Memory : Organization and Locus of Change, 
L.R. Squire, et al., (Eds.) pp. 301-329 (1991); Armstrong, 
R.C. and M.R. Montminy, Annu.Rev.Neurosci . , 16: 17-29 
(1993) ) . 

Why is spaced training required to induce LTM? The 
35 massed and spaced procedures both entail ten training 
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sessions; consequently, flies receive equivalent exposure 
to the relevant stimuli (one odor temporally paired with 
electric shock and a second odor presented without shock) . 
The only procedural difference between massed and spaced 
5 training is the rest interval between each training 

session • The absence of a rest interval between sessions 
during massed training does not appear to disrupt the 
memory formation process. The level of initial learning 
assayed immediately after massed training is similar to 

10 that after spaced training. In addition, ARM levels are 

similar after both training procedures . Thus, the presence 
of a rest interval during spaced training seems crucial to 
the induction of LTM. 

To investigate the temporal kinetics of this rest 

15 interval in relation to the formation of LTM (Figures 13A 
,-.T^\ J*- «»et-AH1 ifihed that the usual ten 

dAAU ^^0/ , *w — — 

sessions of spaced training produced maximal 7 -day memory 
retention {7-day retention is composed solely of L.TM, since 
ARM decays to zero within four days- 
20 Figure 13A shows that 15 or 20 training sessions did 

not improve memoiry retention. Thus, ten spaced training 
sessions produces maximal, asymptotic levels of LTM. 

LTM as a function of the length of the rest interval 
between 10 spaced training sessions was then assessed, 
25 Figure 13B reveals a continuous increase in LTM from a 0- 
min rest interval (massed training) to a 10-minute rest 
interval, at which time LTM levels reach maximum. Longer 
rest intervals yielded similar memory scores. These 
observations of LTM formation suggest an underlying 
30 biological process, which changes quantitatively during the 
rest interval between sessions and which accumulates over 
repeated training sessions. 

In transgenic flies, the formation of LTM, but no t ARM 
or any other aspect of learning or memory, is disrupted by 
35 induced expression of a repressor form of the cAMP- 
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responsive transcription factor CREB (Example 4) . Mutating 
two amino acids in the "leucine zipper" dimerization domain 
of this CREB repressor was sufficient to prevent the 
dominant -negative effect on LTM. Thus, indication of LTM 
5 is not only protein synthesis-dependent but also is CREB- 
dependent. Stated more generally, CREB function is 
involved specifically in a form of a memory that is induced 
only by spaced training* This observation was particularly 
intriguing in light of the molecular nature of CREB. 

10 In ProsophiJa, transcriptional and/or post- 

translational regulation of dCREB2 yields several mRNA 
isoforms. Transient transfection assays in mammalian F9 
cells have demonstrated that one of these isoforms (CREB2- 
a) functions as a cAMP- responsive activator of transcrip- 

15 tion, while a second isoform (CREB2-b) acts as an 

antagonistic repressor of the activator (Example 1; cf . 
Habener, J.F., Mol. Endocrinol 4 : 1087-1094 (1990); 
Foulkes, N. and P. Sassone-Corsi, Cell, €8: 411-414 
(1992)). (This repressor isoform was used previously to 

20 generate the inducible transgene mentioned above*) The 
existence of different CREB isoforms with opposing 
functions suggested an explanation for the requirement of 
multiple training sessions with a rest interval between 
them for the formation of LTM. 

25 In its simplest form, this model (Example 7; Figure 

14) supposes that cAMP- dependent protein kinase (PKA) , 
activated during training, induces the synthesis and/or 
function of both CREB activator and repressor isoforms (cf . 
Yamamoto, K,K,, et al., Jteture, 334i 494-498 (1988); 

30 Backsai, B.J. et sil Science, 260i 222-226 (1993)). 

Immediately after training, enough CREB repressor exists to 
block the ability of CREB activator to induce downstream 
events. Then, CREB repressor isoforms are inactivated 
faster than C3^B activator isoforms. In this manner, the 

3 5 net amount of functional activator (AC=CREB2a - (niEB2b) 
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increases during a rest interval and then accumulates over 
repeated training sessions (with a rest interval) to induce 
further the downstream targets involved with the formation 
of LTM (Montarolo, P.G., et al . , Science, 234: 1249-1254 
5 (1986); Kaang, B.K,, etal,. Neuron, 10: 427-435 (1993)). 

This model leads to three predictions, which have been 
confirmed. First, if the functional difference between 
CREB activator and repressor isoforms is zero (AC«0) 
immediately after one training session, then additional 

10 massed training sessions should never yield LTM. Figure 

ISA shows that 46 massed training sessions, rather than the 
usual 10, still does not produce any 7-day memory 
retention. Second, if the amount of CREB repressor is 
increased experimentally, AC will be negative immediately 

15 after training (AC < 0) . Then, enough CREB repressor may 
not decsy during s rest interva.1 to f i^nough CREB 
activator for induction of LTM. This has been shown to be 
the case for spaced training (is-min rest interval) after 
inducing the expression of a hsp'dCREB2-b (repressor) 

20 transgene three hours before training (Example 4) . Third, 
if the amount of CREB activator is increased 
experimentally, AC will be positive immediately after 
training (AC > 0) . This effect, then, should eliminate or 
reduce the rest interval required to induce LTM. Figure 

25 15B shows the results from recent e^qperiments in which the 
expression of a hsp'dCREB2'a (activator) transgene was 
induced three hours before training . In these transgenic 
flies, massed training produced maximal LTM. This effect 
appeared not to arise trivially, since olfactory acuity, 

30 shock reactivity (Figure 15C) and initial learning were 
normal in transgenic flies after heat shocJc- induction. 
Thus, the requirement for a rest interval between training 
sessions to induce LTM specif ically was eliminated. 

Figure 15B also shows that maximal LTM occurred in 
35 induced hsp-dCREB2 -a transgenic fli^s after just one 
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training session. The usual requirement for additional 
training to form a strong, long-lasting memory was no 
longer necessary. Thus, induced overexpression of a CREB 
activator has produced in otherwise normal flies, the 
5 functional equivalent of a "photographic" memory. This 
result indicates that the amount of CREB activator present 
during training rather than the amount of activated PKA 
that reaches CREB in the nucleus, for instance (cf. 
Backsai, B.J. et al.. Science, 260: 222-226 (1993); Kaang, 

10 B.K., et al.. Neuron, lOz 427-435 (1993); Frank, D,A. and 
M.E. Greenberg, Cell, 79i 5-8 (1994)) is the rate- 
limiting step of LTM formation. Taken together, results 
from these experiments support the notion that the opposing 
functions of CREB activators and repressors act as a 

15 "molecular switch" (cf. Foulkes, N.S. et al . , Nature, 355: 
oO — 54 (1992) ) to dct^xTiuXn^ th^ paraTTi^twrs of extended 
training (number of training sessions and rest interval 
between them) rec[uired to form maximum LTM. 

To date, seven different dCREB2 RNA isoforms have been 

20 identified, and more are hypothesized to exist. Each may 
be regulated differentially at transcriptional (Meyer, 
T.E,, etal.. Endocrinology, 132i 770-780 (1993)) and/or 
translation levels before or during LTM formation. In 
addition, different combinations of CREB isoforms may exist 

25 in different (neuronal) cell types. Consequently, many 

different combinations of activator and repressor molecules 
are possible. From this perspective, the notions that all 
activators and repressors are induced during a training 
session or that all repressors inactivate faster than 

30 activators (see above) need not be true. Instead, the 

model requires only that AC (the net function of activators 
and repressors) is less than or equal to zero immediately 
after training and the increases with time (rest interval) . 
Theoretically, particular combinations of activator 

3 5 and repressor molecules in the relevant neuron (s) should 
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determine the rest interval and/or number of training 
sessions necessary to produce maximum LTM for any 
particular task or species • Thus, the molecular 
identification and biochemical characterization of each 
5 CREB activator and repressor isoform used during LTM 
formation in fruit flies is the next major step toward 
establishing the validity of our proposed model. Similar 
experiments in other species may estsiblish its generality. 
CREB certainly is not involved exclusively with LTM. 
10 The dCREB2 gene, for instance, is expressed in all fruit 
fly cells and probably acts to regulate several cellular 
events (Foulkes, N.S. et al . > Nature, 355: 80-84 (1992)). 

So, what defines the specificity of its effects on 
LTM? Specificity most likely resides with the neuronal 
15 circuitry involved with a particular leaiming task. For 
olfactory learning in firuit flies, for instance, CREB 
probably is modulated via the cAMP second messenger 
pathway. Genetic disruptions of other components of this 
pathway are known to affect olfactory learning and memory 
20 (Livingstone, M.S., et al . , Cell, 37: 205-215 (1984); 

Drain, P. et al . , Neuron, €z 71-82 (1991); Levin, L.R., et 
al.. Cell, €8i 479-489 (1992); Skoulakis, E.M.,et al.. 
Neuron 11: 197-208 (1993); Qiu, Y. and R.L. Davis, Genes 
Develop. 7: 1447-1458 (1993)). Presumably, the stimuli 
25 used during conditioning (training) stimulate the 
underlying neuronal circuits . The cAMP pathway is 
activated in (some) neurons participating in the circuit, 
and CREB -dependent regulation of gene expression ensues in 
the "memory cells" . This neurobiological perspective 
30 potentially will be established in Drosophila by 

identifying the neurons in which LTM- specific CREB function 
resides. Experiments using a neuronal co-culture system in 
AplysicL already have contributed significantly to this 
issue (Alberini, CM. et al.. Cell, 76'. 1099-1114 (1994) 
3 5 and references therein) . 
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The involvement of CREB in memory, or in the 
structural changes of neurons which underlie memory in 
vivo, also has been implicated in mollusks (Dash, P.K., 
Nature, 345: 718-721 (1990); Alberini, CM. et al . , Cell, 
5 76: 1099-1114 (1994)) and in mice (Bourtchuladze, R, , et 
al.. Cell, 79: 59-68 (1994)). An^le evidence also exists 
for the involvement of the cAMP second messenger pathway in 
associative learning in Aplysia (Kandel, E.R., et al.. In 
Synaptic Function, Edelmann, G.M. , et al . (Eds.), John 

10 Wiley and Sons, New York (1987) ; Byrne, J.H., et . , In 
Advances in Second Messenger and Phosphoprotein Research, 
Shenolikar, S. and A.C. Nairn (Eds.), Raven Press, New 
York, pp. 47-107 (1993)) and in rat hippocampal long-term 
potentiation (LTP) , a cellular model of associative 

15 learning in vertebrates (Frey, U. , et al.. Science, 260: 

1661-1664 (1993) ; Huan^^ Y.Y, and E,R. Kandel, In LeB,ming^ 
and Memory, vol. 1, pp. 74 -82, Cold Spring Harbor Press, 
Cold Spring Harbor, NY (1994)). Finally, cellular and 
biochemical experiments have suggested that CREB function 

20 may be modulated by other second messenger pathways (Dash, 
P-K., et al., Proc, Natl. Acad. Sci. USA 88: 5061-5065 
(1991) ; Ginty, D.D. etal.. Science, 2^0: 238-241 (1993); 
deGroot , R . P . and P • Sassone - Corsi , Mol . Endocrinol . , 7 : 
145-153 (1993)). These observation suggest that CREB might 

25 act as a molecular switch for LTM in many species and 
tasks. 

Finally, why might the formation of LTM require a 
molecular switch? Many associative events occur only once 
in an animal's lifetime. Forming long-tenn memories of such 

30 events would be unnecessary and if not countearproductive . 
Instead, discrete events experienced repeatedly are worth 
remembering. In essence, a recurring event comprises a 
relevant signal above the noise of one-time events. 
Teleologically, then, the molecular switch may act as an 

35 information filter to ensure that only discrete but 
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recurring events are remembered. Such a mechanism would 
serve efficiently to tailor an individual's behavioral 
repertoire to its unique environment. 

The present invention also relates to isolated DNA 
5 having sequences which encode (1) a cyclic 3 5' -adenosine 
monophosphate (cAMP) responsive transcriptional activator, 
or a functional fragment thereof, or (2) an antagonist of a 
CAMP responsive transcriptional activator, or a functional 
fragment thereof, or (3) both an activator and an 
10 antagonist, or functional fragments thereof of both. 

The invention relates to isolated DNA having sequences 
which encode Drosophila dCREB2 isoforms, or functional 
analogues of a dCREB2 isoform. As referred to herein, a 
functional analogue of a deREB2 isoform comprises at least 
15 one function characteristic of a Drosophila dCREB2 isoform, 
such as a c AM? -responsive transcriptional activator 
function and/or an antagonistic repressor of the cAMP 
activator function. These functions (i.e., the capacity to 
mediate PKA- responsive transcription) may be detected by 
20 standard assays (e.g., assays which monitor for CREB- 

dependent activation) . For example, assays in F9 cells 
have been used extensively to study CREB- dependent 
activation because their endogenous cAMP- responsive system 
is inactive; (Gonzalez, G.A. et al . , Nature, 337: 749-752 
25 (1989); Masson, N. et al., Mol . Cell Biol., 12'. 1096-1106 
(1992); Masson, N. et al.. Nucleic Acids Res., 21-. 1163- 
1169 (1993) ) . 

The invention further relates to isolated DNA having 
sequences which encode a Drosophila dCREB2 gene or a 
30 functional fragment thereof. Isolated DNA meeting these 
criteria comprise nucleic acids having sequences identical 
to sequences of naturally occurring Drosophila dCREB2 and 
portions thereof, or variants of the naturally occurring 
sequences. Such variants include mutants differing by the 
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addition, deletion or substitution of one or more nucleic 
acids. 

The invention relates to isolated DNA that are 
characterized by (1) their ability to hybridize to a 
5 nucleic acid having the DNA sequence in Figure lA (SEQ ID 
NO.: 1) or its complement, or (2) by their aJDility to 
encode a polypeptide of the amino acid sequence in Figure 
lA (SEQ ID NO.: 2) or functional equivalents thereof (i.e., 
a polypeptide which functions as a cAMP responsive 

10 transcriptional activator), or (3) by both characteristics. 
Isolated nucleic acids meeting these criteria comprise 
nucleic acids having sequences homologous to sequences of 
mammalian CREB, CREM and ATF-1 gene products. Isolated 
nucleic acids meeting these criteria also comprise nucleic 

15 acids having sequences identical to sec[uences of naturally 
occurring dCRi:B2 cr portions thereof, or variants of the 
naturally occurring sequenceis . Such variants include 
mutants differing by the addition, deletion or substitution 
of one or more residues, modified nucleic acids in which 

20 one or more residues is modified (e.g., DNA or RNA 

analogs) , and mutants comprising one or more modified 
residues. 

Such nucleic acids can be detected and isolated under 
high stringency conditions or moderate stringency 

25 conditions, for example. "High stringency conditions" and 
"moderate stringency conditions" for nucleic acid 
hybridizations are explained on pages 2.10.1-2.10.16 (see 
particularly 2.10.8-11) and pages 6.3.1-6 in Current 
Protocols in Moleculstr Biology (Ausubel, F.M. ££. al^, eds, 

30 Vol. 1, Suppl. 26, 1991), the teachings of which are 

incorporated herein by reference. Factors such as probe 
length, base composition, percent mismatch between the 
hybridizing sequences, temperature and ionic strength 
influence the stability of nucleic acid hybrids. Thus, 

35 high or moderate stringency conditions can be deterimined 
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empirically, depending in part upon the characteristics of 
the known DMA to which other unknown nucleic acids are 
being compared for homology. 

Isolated nucleic acids that are characterized by their 
5 ability to hybridize to a nucleic acid having the sequence 
in Figure lA or its complement (e.g., under high or 
moderate stringency conditions) may further encode a 
protein or polypeptide which functions as a cAMP responsive 
transcriptional activator. 

10 The present invention also relates to isolated DNA 

having sequences which encode an enhancer- specif ic 
activator, or a functional fragment thereof . 

The invention further relates to isolated DNA having 
sec[uences which encode a Drosophila, dCREBl gene or a 

15 functional fragment thereof. Isolated DNA meeting these 

criteria comprise nucleic acids having sequences identical 
to sequences of naturally occurring Drosophila dCREBl and 
portions thereof, or variants of the naturally occurring 
sequences. Such variants include mutants differing by the 

20 addition, deletion or substitution of one or more nucleic 
acids. 

The invention further relates to isolated DNA that are 
characterized by (1) their ability to hybridize to a 
nucleic acid having the DNA sequence in Figure 5 (SEQ ID 

25 NO.: 7) or its complement, or (2) by their c±)ility to 

encode a polypeptide of the amino acid secjuence in Figure 5 
(SEQ ID NO.: 8), or by both characteristics. Isolated DNA 
meeting these criteria also comprise nucleic acids having 
sequences identical to sequences of naturally occurring 

30 dCREBl or portions thereof, or variants of the naturally 
occurring sequences . Such variants include mutants 
differing by the addition, deletion or substitution of one 
or more residues, modified nucleic acids in which one or 
more residues is modified (e.g., DNA or RNA analogs), and 

35 mutants comprising one or more modified residues . 
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Such nucleic acids can be detected and isolated under 
high stringency conditions or moderate stringency 
conditions as described above, £or example. 

Fragments of the isolated DNA which code for 
5 polypeptides having a certain function can be identified 
and isolated by, for example, the method of Jasin, M., et 
al., U.S. Patent No. 4,952,501. 

Nitric Oxide in Invertebrates: Drosajphila dNOS Gene Codes 
for a Ca^VCalmodul in-Dependent Nitric Oxide Synthase 
10 Nitric oxide (NO) is a gaseous mediator of a wide 

variety of biological processes in mammalian organisms. 
Applicants have cloned the Drosophila gene, dNOS, coding 
for a Ca'*/calmodulin-dependent nitric oxide synthase 
(NOS) . Presence of a functional NOS gene in Drosophxla. 
x5. provides conclusive crviucXxCc that invertebrates synthecize 
NO and presumably use it as a messenger molecule. 
Furthermore, conservation of an alternative RNA splicing 
pattern between dNOS and vertebrate neuronal NOS, suggests 
broader functional homology in biochemistry and/or 
20 regulation of NOS. 

NO is synthesized by nitric oxide synthases (NOSs) 
during conversion of L-arginine to L-citrulline (Knowels, 
R.G,, et cil., Biochem. J., 298i 249 (1994); Nathan, C. , et 
J. Biol. Chem., 269i 13725 (1994); Marietta, M.A. / *7. 
25 Biol. Chem., 268i 12231 (1993)). Biochemical 

characterization of NOSs has distinguished two general 
classes: (i) constitutive, dependent on exogenous Ca^* and 
calmodulin and (ii) inducible, independent of exogenous 
Ca** and calmodulin. Analyses of cDNA clones have 
30 identified at least three distinct NOS genes in mammals 

(Bredt, D.S., et al., Nature, 352: 714-718 (1991); Lamas, 
S., et al-, Proc. Natl .Acad. Sci . USA, 89: 6348-6352 (1992); 
Lyons, C.R., et al . , J. Biol. Cheia. , 267: 6370 (1992); 
Lowenstein, C.J., et al., Proc. Natl. Acad. Sci. USA, 89: 
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€711 (1992); Sessa, W.C., et a J . , J.Bial . Chem. , 267: 15274 
(1992); Geller, et al,, Proc. Natl. Acad. Sci . USA, 

90: 3491 (1993); Xie, Q. et al . , Science, 256z 225-228 
(1992)) neuronal, endothelial and macrophage, the former 
5 two of which are constitutive and the latter of which is 
inducible. The nomenclature for these different isoforms 
used here is historical, as it is clear now that one or 
more isoforms can be present in the same tissues (Dinerman, 
J.L., et al., Prac. Natl, Acad, Sci, USA, 91z 4214-4218 

10 (1994) ) . 

As a diffusible free-radical gas, NO is a 
multifunctional messenger affecting many aspects of 
mammalian physiology [for reviews, see Dawson, T.M. , et 
al., Ann. Nexxrol, 32z 297 (1992); Nathan, C, FASEB a, 6: 

15 3051 (1992); Moncada, S., et al , , N, Eng. a. Med., 329: 

2002-2012 (1993) ; Michel, T. , et h2 , , Am^T, J', C3r"dic2 . 72: 
33C (1993); Schuman, E.M,, et al . , Annu- Rev. Neuxrosci. 27: 
153-183 (1994)] . NO originally was identified as an 
endothelium-derived relaxing factor responsible for 

20 regulation of vascular tone (Palmer, R.M.J. , Nature 327: 

524 (1987); Palmer, R.M.J. , et a2.. Nature 333: 664 (1988); 
Ignarro, L.J., et al. , Proc. Natl. Acad. Sci. USA, 84: 9265 
(1987) ) and as a factor involved with macrophage -mediated 
cytotoxicity (Marietta, M.A- , eta2.. Biochemistry 21: 8706 

25 (1988); Hibbs, J.B., et al . , Biochem. Biophys. Res. Comm. 
157: 87 (1989) ; Steuhr, D.J., et a2 . , J. Exp. Med., 169: 
1543 (1989)). Since NO has been implicated in several 
physiological processes including inhibition of platelet 
aggregation, promotion of inflammation, inhibition of 

30 lymphocyte proliferation and regulation of microcirculation 
in kidney (Radomski, M. , e£. al . , Proc. Natl. Acad> Sci. USA 
£7: 5193 (1990) ; Albina, J.E., J . Immunol . 147 : 144 (1991); 
Katz, R., Am. J, Phvsiol. 261 : F360 (1992); lalenti. A., et 
al-# Eur. J. Pharmacol. 211 : 177 (1992)) . More recently, 

35 NO also has been shown to play a role in cell-cell 
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interactions in mammalian central and peripheral nervous 
systems -- in regulating neurotransmitter release, 
modulation of NMDA receptor -channel functions, 
neurotoxicity, nonadrenergic noncholonergic intestinal 
5 relaxation (Uemura, Y. , fit alw Ann. Neurol. 22' 620-625 

<1990)) and activity -dependent regulation of neuronal gene 
expression (Uemura, Y- , fit al- # Ann. Neurol. 27; 620 

(1990); Dawson, V.L., fit al- * Proc . Na tl. Acad. Sci . USA 
88 ; 6368 (1991); Lei, S.Z., fital-* Neuron 8: 1087 (1992); 
10 Prast, H., fit al-, Eur, J. Pharmacol. 2i£: 139 (1992); 

Peunova, N., Nature 364 : 450 (1993)). Recent reports of NO 
function in synaptogenesis and in apoptosis during 
development of the rat CNS (Bredt, D.S., Neuron 301 

(1994); Roskams, A. J. , Neuron 13 : 289 (1994)) suggest that 
15 NO regulates activity-dependent mechanism (s) underlying the 
organizauiori of fine -structure in the cortex (Edeltnan, 
G.M., fital., Proc, Natl. Acad. Sci, USA 89: 11651-11652 • 

(1992) ). NO also appears to be involved with long-term 
potentiation in hippocampus and long-term depression in 

20 cerebellum, two forms of synaptic plasticity that may 
underlie behavioral plasticity (Bohme, G.A. , Eur . J . 
Pharmacol. 199 : 379 (1991); Schuman, E.M. , SslfiSSfi 254 : 
1503 (1991); O'Dell, T. J. , fit al. / Proc. Na tl. Acad. Sci. 
USA 88: 11285 (1991); Shibuki, K. , Nature 34 9: 326 (1991); 

25 Haley, J-E., fit ai- r Neuron 8; 211 (1992); Zhuo, M., 

Science 260 : 1946 (1993); Zhuo, M, , fit Slw lifiuroEfiEQEt 
1033 (1994)). Consistent with these cellular studies, 
inhibition of NOS activity has been shown to disrupt 
learning and memory (Chapman, P,F., fit al- # NeuroReport .3 : 

30 567 (1992); Holscher, C. , Neurosci - Lett. 145: 165 (1992); 
Bohme, G,A., fit al-* Proc. Nat l. Acad. Sei . USA 10: 9191 

(1993) ; Rickard, N.S., Behav . Neurosci . lOB: 640-644 

(1994) ) • 

Many of the above conclusions are based on 
35 pharmacological studies using inhibitors of nitric oxide 
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synthases or donors of NO. Interpretations of such studies 
usually are limited because the drugs interact with more 
than one target and they cannot be delivered to specific 
sites. A molecular genetic approach can overcome these 
5 problems, however, by disrupting a specific gene, the 
product of which may be one of the drug's targets. 
Recently, such an approach has been attempted in mice via 
generation of a knock-out mutation of the neuronal NOS 
(nNOS) (Huang, P.L., fit al- * Cell 75; 1273-1286 (1993)). 
10 While nNOS mutants appeared fully viable and fertile, minor 
defects in stomach morphology and hippocampal long-term 
potentiation were detected (Huang, P.L., £t # Cell 
1273-1286 (1993); O'Dell, T-J., et fii. , Science 265 : 542- 
546 (1994)). Moreover, some NOS enzymatic activity still 
15 was present in certain regions of the brain, suggesting a 
role for other NOS genes in the CNS. while yielding some 
relevant information about one specific component of NO 
function, this nNOS disruption existed throughout 
development. Consecjuently , functional defects of NOS 
20 disruption in adults could not be resolved adequately from 
structural defects arising during development. Genetic 
tools exist in Droeophila, in contrast, to limit 
disruptions of gene functions temporally or spatially. 
To identify candidate Drosophxla NOS homologs, a 
25 fragment of the rat neuronal NOS cDNA (Bredt, D,S., fit fii. , 
Nature 351 ; 714-718 (1991)) was hybridized at low 
stringency to a phage library of the Drosophila genome as 
described in Example 11. The rat cDNA fragment encoded the 
binding domains of FAD and NADPH (amino acids 979 - 1408 of 
30 SEQ ID NO. : 11) , which are cof actors required for NOS 

activity, and therefore were expected to be conserved in 
fruit flies. Several Drosophila genomic clones were 
identified with the rat probe and classified into eight 
contigs. Sequence analysis of three restriction fragments 
35 from these genomic clones revealed one (2.4R) with high 
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homology to mammalian NOSs . The deduced amino acid 
sequence of the ORF encoded within the 2.4R fragment 
indicated 4 0% identity to the rat neuronal NOS and binding 
sites for FAD and NADPH. 
5 The 2.4R DNA fragment then was used to probe a 

Drosophila adult head cDNA library as described in Example 
11, and eight clones were isolated. Restriction analysis 
indicated that all contained 4:dentical inserts and thus, 
defined a predominant transcript expressed by this 
10 Drosophila gene. One clone (c5. 3) was sequenced in both 
directions. The 4491 bp cDNA contained one long ORF of 
4 3 50 bp. The methionine initiating this ORF was preceded 
by ACAAG which is a good match to the translation start 
consensus (A/CAAA/C) for Drosophila genes (Cavener, D.R., 
15 Nucleic Acids Res 15: 1353-1361 (1987)). Conceptual 

translation of this ORF yielded a protein of 1350 amino 
acids with a molecular weight of 151,842 Da. 

Comparison of the amino acid sequence of this deduced 
Drosophila protein (DNOS) (SEQ ID NO. : 9) to sequences of 
20 mammalian NOSs revealed that DNOS is 43% identical to 

neuronal NOS (SEQ ID NO.: 11), 40% identical to endothelial 
NOS (SEQ ID NO. : 10) and 39% identical to macrophage NOS 
(SEQ ID NO. : 12) - It also revealed similar structural 
motifs in DNOS (Figure 16A-16C) - The C-terminal half of 
25 the DNOS protein contains regions of high homology 

corresponding to the presumptive FMN- , FAD- and NADPH- 
binding sites. Amino acids thought to be important for 
making contacts with FAD and NADPH in mammalian NOSs 
(Bredt, D.S., et al . , Nature 351: 714-718 (1991); Lamas, 
30 S., et al.. Proc. Nat 1 . Acad . Sci . USA B9: 6348-6352 (1992); 
Lyons, C.R. , et al., .T. Biol. Chem, 267; 6370 (1992); 
Lowenstein, et al . , Pt-oc . Natl. Acad. Sci, USA B9: 

6711 (1992); Sessa, W.C., et al . , J.Biol.Chem. 2€lz 15274 
(1992); Geller, D.A., et al . , Proc. Natl. Acad. Sci. USA 
35 90: 3491 (1993); Xie , Q. et al . , Science 256: 225-228 
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(1S92)) are conserved in DNOS . The middle section of DNOS, 
between residues 215 and 74 6 of SEQ ID NO. : 9, showed the 
highest similarity to mammalian NOSs : it is 61% identical 
to the neuronal isoform and 53% identical to endothelial 
5 and macrophage isoforms. Sequences corresponding to the 
proposed heme- and calmodulin-binding sites in mammalian 
enzymes are well -conserved in DNOS. The region located 
between residues 643-671 of SEQ ID NO.: 9 has the 
characteristics of a calmodulin-binding domain (basic, 

10 amphiphilic or-helix) (O'Neil, K.T., et ^J^. , Trends Biochem . 
Sci . 1 5 : 59-64 (1990) ) . The amino acid sequence between 
these two sites is very well conserved among all four NOS 
proteins, suggesting the location of functionally important 
domains such as the arginine-binding site (Lamas, S., et, 

15 al., Proc, Natl. Acad. Sci. USA 89 : 6348-6352 (1992)), 
tetrahydrobiopterine cot actor binding sice or a 
dimerization domain. DNOS also has a PKA consensus site 
(Pearson, R.B. / Meth. Enzvmol . 200 : 62-81 (1991) ) (at 
Ser-287 of SEQ ID NO. : 9) in a position similar to neuronal 

2 0 and endothelial NOSs, 

The 214 amino acid N-terminal domain of DNOS shows no 
obvious homology to its equivalent portion of neuronal NOS 
or to the much shorter N-terminal domains of endothelial 
and macrophage NOSs. This region of DNOS contains an 

2 5 almost uninterrupted homopolymeric stretch of 24 glutamine 
residues. Such glutamine-rich domains, found in many 
Drosophila and vertebrate proteins, have been implicated in 
protein-protein interactions regulating the activation of 
transcription (Franks, R.G., Mech. Dev. 45: 269 (1994); 

30 Gerber, H.-P., et. al-# Science 263 : 808 (1994); Regulski, 
M., et al., EMBO J. 6.: 767 (1987) ). Thus, this domain of 
DNOS could be involved with protein-protein interactions 
necessary for localization and/or recfulation of DNOS 
activity. 
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The above sequence comparisons suggest that a 
DrosophiJa structural homolog of a vertebrate NOS gene was 
identified. The order of the putative functional domains 
in the DNOS protein is identical to that of mammalian 
5 enzymes (Figure 15B) . Structural predictions based on 
several protein algorithms also indicate that general 
aspects of DNOS protein secondary structure (hydrophobicity 
plot, distribution of a-helixes and /3-strands) from the 
putative heme-binding domain to the C-terminus are similar 
10 to those of mammalian NOSs . DNOS also does not contain a 
transmembrane domain, as is the case for vertebrate NOSs. 
In addition to these general characteristics, several 
aspects of DNOS structure actually render it most like 
neuronal NOS: (i) the overall sequence similarity, (ii) the 
15 similarity of the putative calmodulin-binding site (55% 
identical to the neuronal NOS vs. 45% identical to 
endothelial NOS or vs. 27% identical to macrophage NOS) and 
(iii) the large N-terminal domain. Neuronal NOS and DNOS 
also do not contain sites for N-terminal myristoylation, 
20 which is the case for endothelial NOS (Lamas, S., et ai. , 
VToa. Natl. Acad. Sci . USA 89: 6348-6352 (1992)), nor do 
they have a deletion in the middle of the protein, which is 
the case for macrophage NOS (Xie, Q. et al. , Science 2^: 
225-228 (1992) ) . 

25 To establish that Applicants putative DNOS protein had 

nitric oxide synthase activity, the dNOS cDNA was expressed 
in 2 93 human embryonic kidney cells as described in Example 
12, which have been used routinely in studies of mammalian 
NOSs (Bredt, D.S., et al . , yiature 351: 714-718 (1991)). 

30 Protein extracts prepared from dWOS- transfected 293 -cells 
as described in Example 12, contained a 150 kD polypeptide, 
which was recognized by a polyclonal antibody raised 
against the N-terminal domain of DNOS (Figure 17A, lane 2 93 
+ dNOS) . This immunorea-ctive polypeptide was of a size 

35 expected for DNOS and was absent from cells transfeoted 
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with just the pCGN vector alone (Figure 17A, lane 293 + 
vector) . 

Extracts made from dWOS- transf ected 293 cells showed 
significant NO synthase activity, as measured by the L- 
5 arginine to L-citrulline conversion assay as described in 
Example 12 (0.1276 ± 0.002 pmol/mg/min; Figure 17B, group 
B) . [In a parallel experiment, the specific activity of 
rat neuronal NOS expressed from the same vector in 2 93 
cells was 3.0 ± 0.02 pmol/mg/min, N=4] , DNOS activity was 

10 dependent on exogenous Ca^*/calmodulin and on NADPH, two 

cofactors necessary for activity of constitutive mammalian 
NOSs (Iyengar, R. , Proc . Natl. Acad. Sci , USA 84 : 6369-6373 
(1987); Bredt , D.S., Proc, Natl. Acad. Sci. USA 87 ; 682-685 
(1990)), DNOS activity was reduced 90% by the Ca^* 

15 chelator EGTA. (Figure 17B, group C) . Also, SOOpM N- (6- 
ciTT.incheXj'l ) - 1 -nHphthnlene- ^^iilf 0!1c>!Ti1<3^ (wr) ^ calmodulin 
antagonist which inhibits activity of neuronal NOS (Bredt, 
D.S., Proc. Natl, Acad. Sci. USA 87 : 682-685 (1990)), 
diminished DNOS activity to 18% (0.0222 ± 0.001 

20 pmol/mg/min, N=2) . In the absence of exogenous NADPH, DNOS 
(or nNOS) activity was reduced 20% (0,1061 ± 0.011 
pmol/mg/min, N==4 for DNOS; 2.7935 ± 0,033 pmol/mg/min, N=2 
for nNOS) . DNOS activity also was blocked by inhibitors of 
mammalian NOSs (Rees, D.D., Br. J. Pharmacol. . 101: 746-752 

25 (1990))- N^-nitro-L- arginine methyl ester (L-NAME) reduced 
DNOS activity 84% (Fi^gure 17B, group D) , and 100 N^' 
monomethyl-L- arginine acetate produced a complete block 
(0.0001 ± 0.0002 pmol/mg/min, N=2) • These enzymatic -data 
demonstrate that DNOS is a Ca^Vcalmodulin-dependent nitri<; 

3 0 oxide synthase. 

Northern blot analysis indicated a 5 . 0 kb dNOS 
transcript which was expressed predominantly in adult fly 
heads but not bodies (Figure 18A) . More sensitive RT-PCR 
experiments as described in Example 13 , however, detected 

35 dNOS message in poly (A)* RNA from fly bodies. Neuronal NOS 
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genes from mice and humans produce two alternatively 
spliced transcripts, the shorter one of which yields a 
protein containing a 105 amino acid in- frame deletion 
(residues 504-608 in mouse or rat neuronal NOS) (Ogura, 
S Biochem. Bio nhvs. Res. Commun, 193 : 1014-1022 (1993)). RT- 
PCR amplification of Drosophila. head mRNA produced two DNA 
fragments: the 444 bp fragment corresponded to vertebrate 
long form and the 129 bp fragment corresponded to 
vertebrate short form (Figure 18B) . Conceptual translation 
10 of the 12 9 bp sequence confirmed a splicing pattern 

identical to that for the nNOS gene (Figure IBC) . Presence 
of the short NOS isoform in Drosaphlla strengthens the 
notion that it may play an important role in NOS 
biochemistry, 

15 The discovery of a NOS homolog in Drosophila provides 

definitive proof that irivei 'eebircites produce NO and, as 
suggested by recent reports, most likely use it for 
intercellular signaling. These data also suggest that a 
NOS gene was present in an ancestor common to vertebrates 

2 0 and arthropods, implying that NOS has existed for at least 
6 00 million years. Thus, it is expected that NOS genes are 
prevalent throughout the animal kingdom. 

Consistent with this view are existing histochemical 
data. NOS activity has been detected in several 

25 invertebrate tissue extracts: in Lymulus polypheznus 

Radomski, M,W, , Philos. Trans. R. Soc . Lond. B. Biol. Sci . , 
334: 129-133 (1992)), in the locust brain (Elphick, M.R., 
et al.. Brain Res. 619: 344-346 (1993)), in the salivary 
gland of Rhodnius prolixus (Ribeiro, J.M.C., et al , , FEBS 

30 Let. 330: 165-168 (1993) (34)) and in various tissues of 
Lymnaea stagnalis (Elofsson, R. , et al . , NeuroReport 4.: 
279-282 (1993)). Applications of NOS inhibitors or NO- 
generating substances have been shown to modulate the 
activity of buccal motoneurones in Lymnaea stagnalis 

35 (Elofsson, R., et al . , NeuroReport 4: 279-282 (1993)) and 
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the oscillatory dynamics of olfactory neurons in 
procerebral lobe of Limax maximus (Gelperin, A. , Nature 
369: 61-63 (1994)). NADPH-diaphorase staining, a 
relatively specific indicator of NOS protein in fixed 
5 vertebrate tissue samples (Dawson, T.M., et al . , Proc . 

Natl. Acad, Sci. USA 88; 7797 (1991); Hope, B.T., et al . , 
Proc . Natl , Acad . Sci . USA 88 : 2811 (1991)), also has 
suggested the presence of NOS in Drosophila heads (Muller, 
U. , Naturwissenschaf t 80 : 524-526 (1993)). The present 

10 molecular cloning of dNOS considerably strengthens the 
validity of these observations. 

Sophisticated genetic analyses of NOS function are 
available in Drosophila. Classical genetics will allow the 
creation of point mutations and deletions . in dNOS, 

15 resulting in full or partial loss of dNOS function. Such 
mutations will permit detailed studies of the role of NOS 
during development . 

The invention further relates to isolated DNA that are 
characterized by by their ability to encode a polypeptide 

2 0 of the amino acid sequence in Figure 16A-16C (SEQ ID NO. : 
9) or functional equivalents thereof (i.e., a polypeptide 
which synthesizes nitric oxide) . Isolated DNA meeting this 
criteria comprise amino acids having sequences homologous 
to sequences of mammalian NOS gene products (i.e., 

25 neuronal, endothelial and macrophage NOSs) . The DNA 

sequence represented in SEQ ID NO. : 25 is an example of 
such an isolated DNA. Isolated DNA meeting these criteria 
also comprise amino acids having sequences identical to 
sequences of naturally occurring dNOS or portions thereof, 

30 or variants of the naturally occurring sequences. Such 
variants include mutants differing by the addition, 
deletion or substitution of one or more residues, modified 
nucleic acids in which one or more residues is modified 
(e.g., DNA or RNA analogs), and mutants comprising one or 

35 more modified residues. 
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Such nucleic acids can be detected and isolated under 
high stringency conditions or moderate stringency 
conditions, for example. "High stringency conditions" and 
"moderate stringency conditions" for nucleic acid 
5 hybridizations are explained on pages 2.10.1-2.10.16 (see 
particularly 2,10.8-11) and pages 6.3.1-6 in Current 
Protocols in Molecular Biology (Ausubel, F.M. et al . , eds. 
Vol. 1, Suppl. 26, 1991), the teachings of which are 
incorporated herein by reference. Factors such as probe 
10 length, base composition, percent mismatch between the 
hybridizing sequences, temperature and ionic strength 
influence the stability of nucleic acid hybrids. Thus, 
high or moderate stringency conditions can be deter imined 
empirically, depending in part upon the characteristics of 
15 the known DNA to which other unknown nucleic acids are 
being compared for homology. 

Isolated DNA that are characterized by their ability 
to encode a polypeptide of the amino acid sequence in 
Figure 16A-16C, encode a protein or polypeptide having at 
20 least one function of a Drosophilsi NOS, such as a catalytic 
activity (e.g., synthesis of nitric oxide) and/or binding 
function (e.g., putative heme, calmodulin, FMN, FAD and 
NADPH binding) . The catalytic or binding function of a 
protein or polypeptide encoded by hybridizing nucleic acid 
25 may be detected by standard enzymatic assays for activity 
or binding (e.g., assays which monitor conversion of L- 
arginine to L-citrulline) . Functions characteristic of 
dNOS may also be assessed by in vivo complementation 
activity or other suitable methods- Enzymatic assays, 
3 0 complementation tests, or other suitable methods can also 
be used in procedures for the identification and/or 
isolation of nucleic acids which encode a polypeptide 
having the amino acid sequence in Figure 16A-16C or 
functional equivalents thereof . 
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The present invention will now be illustrated by the 
following examples, which are not intended to be limiting 
in any way. 

EXAMPLES 

5 The following materials and methods were used in the 

work described in Examples 1 and 2. 

Expression Cloning of dCREBl and dCREB2 

Standard protocols for expression cloning by DNA- 
binding (Ausubel, F., Current Protocols in Molecular 

10 Biolocry . John Wiley and Sons, New York, 1994; Singh, H. et, 
al ■ . Cell , 52 : 415-423 (1988)) were followed except as 
noted- A double -stranded, 3xCRE oligonucleotide was 
synthesized and cloned between the Xbal and Kpnl sites of 
pGEM72f+ (Promega) . The sequence of one strand of the 

15 oligonucleotide was 5' CGTCTAGATCT ATGACTGAA TA 

TGACGTAA T ATGACGTAA TGGTACCAGATCTGGCC 3' (SEQ ID NO.: 17), 
with the CRE sites underlined. The oligonucleotide was 
excised as a Bglll/Hindlll fragment and labeled by filling- 
in the overhanging ends with Klenow fragment in the 

20 presence of [or^^PldGTP, [Qr"P] dCTP and unlabeled dATP and 

dTTP (Ausubel, F., Current Protocols in Molecular Biology , 
John Wiley and Sons, New York, 1994)), Just prior to use, 
the labeled fragment was pre -absorbed to blank 
nitrocellulose filters to reduce background binding- All 

2 5 other steps were as described (Ausubel, F., Current 

Protocols in Molecular Biology , John Wiley and Sons, New 
York, 1994))- After secondary and tertiary lifts, positive 
clones were subcloned into pKS+ (Stratagene) and sequences. 

Gel Shift Analysis 

3 0 Gel -mobility shift assays were performed as in 

Ausubel, F., Current Protocols in Molecular Biology . John 
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Wiley and Sons, New York, 1994, with the following 
modifications. The 4% polyacryl amide gel (crosslinking 
ratio 80:1) was cast and run using 5x Tris-glycine buffer 
(Ausubel, Current Protocols in Molecular Biolocrv , John 

5 Wiley and Sons, New York, 1994)) supplemented with 3mM 
MgCla- The oligonucleotides used as the DNA probes were 
boiled and slowly cooled to room temperature at a 
concentration of 50 tig/ml in O.IM NaCl . 50 ng of double- 
stranded probe was end- labeled using polynucleotide kinase 

10 in the presence of 100 A^Ci of [y^^PlATP. The double- 
stranded oligonucleotides were purified on a native 
polyacrylamide gel and used in a mobility shift assay at 
about 0.5 ng/reaction. 

For dCREB2, the original dCREB2-b cDNA was subcloned 

15 and subjected to site-directed mutagenesis to introduce 

restriction sites immediately 5' and 3' of the open reading 
frame. This open reading frame was subcloned into the 
pSTllA expression vector (Novagen) and used to induce 
expression of the protein in bacteria. The cells 

20 containing this vector were grown at 30 ®C to an approximate 
density of 2x10 Vml and heat-induced at 37oc for 2 hours. 
The cells were collected by centrif ugation and lysed 
according to Buratowski, S. et al. , Proc. Natl. Acad. Sci . . 
USA , 88 : 7509-7513 (1991). The crude extract was clarified 

25 by centrifugation and loaded onto a DEAE column previously 
equilibrated with 50 mM TrisHCl, pH 8.0, 10% sucrose, 100 
mM KCl. Step elutions with increasing amounts of KCl in 
the same buffer were used to elute the dCR]?B2 -Jb protein, 
which was assayed using the gel mobility-shift assay. The 

30 peak fraction was dialyzed against the loading buffer and 
used in the binding experiment. The specific competitor 
that was used was the wild-type CRE oligonucleotide. The 
sequence of one strand of the double -stranded 
oligonucleotides used in the gel shift analysis are listed. 
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For the first two oligonucleotides, wild- type and mutant 
CREs are underlined. 

Wild-type 3xCRE (SEQ ID NO. : 18) : 
5 ' AA ATGACGTAA CGGAA ATGACGTAA CGGAA ATGACGTAA CG 3 ' ; 
5 Mutant BxmCRE (SEQ ID NO. : 19) : 

5 ' AA ATGAATTAA CGGAA ATGAATTAA CGGAA ATGAATTAA CGG 3 ' ; 

Nonspecific competitor #1 (SEQ ID NO. : 20) : 
5 ' TGCACGGGTTTTCGACGTTCACTGGTAGTGTCTGATGAGGCCGAAAGGCCGAAA 
CGCGATGCCCATAACCACCACGCTCAG 3 ' ; 
10 Nonspecific competitor #2 (SEQ ID NO. : 21) : 

5 ' TCGACCCACAGTTTCGGGTTTTCGAGCAAGTCTGCTAGTGTCTGATGAGGCCG 
AAAGGCCGAAACGCGAAGCCGTATTGCACCACGCTCATCGAGAAGGC 3 ' ; 

Nonspecific competitor #3 (SEQ ID NO. : 22) : 
5 ' CTAGAGCTTGCAAGCATGCTTGCAAGCAAGCATGCTTGCAAGCATGCTTG 
15 CAAGC 3' ; 

Nonspecific competitor #4 (SEQ ID NO. : 23) : 
5V CTCTAGAGCGTACGCAAGCGTACGCAAGCGTACG 3' 

For dCREBl, heat -induced bacterial extracts (Ausubel, 
F., Current Protocols in Molecular Biolocry . John Wiley and 
20 Sons, New York, 1994) were made from the original phage 
clone integrated by lysogeny. Extract from a bacteria 
lysogenized with another plaque (which did not bind to CRE 
sites) from the screen was used as a negative control. 
Competition experiments were done using a 4-100 fold molar 
25 excess (relative to the probe) of unlabeled, wild-type CRE 
oligonucleotides or unlabeled, mutant CRE oligonucleotides. 

Northern Blots 

Total head and body RNA was isolated from flies 
according to the protocol of Drain, P. et al., Neuron, 
30 6.: 71-82 (1991) . Total RNA from all other developmental 
stages was a gift from Eric Schaeffer. All RNA samples 
were selected twice on oligo-dT columns (5 Prime-3 Prime) 
to isolate poly A+ RNA. Two fig. of poly A+ RNA was 
fractionated on 1.2% f ormaldehyde-f ormamide agarose gels. 
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transferred to nitrocellulose and probed using an uniformly 
labeled, strand-specific, antisense RNA (aRNA) probe. The 
template for the synthesis of aRNA was one of the partial 
cDNA clones isolated from the library screen (pJY199) . 
5 This cDNA contained the carboxyl -terminal 86 amino acids of 
the dCREB2-b protein and about 585 bp of 3 ' untranslated 
mRNA. All Northern blots were washed at high stringency 
(0.1% SDS, O.lxSSC, 65«C) . 

In situ Hybridization To Tissue Sections 

10 Frozen frontal sections were cut and processed under 

RNAse-free conditions, essentially as described in Nighorn, 
A. et al . , Neuron, 6:455-467 (1991), with modifications for 
riboprobes as noted here. Digoxigenin- labeled riboprobes 
were made from pJY199 using the Genius kit (Boehringer- 

-I e M-s^^u^-; otio nrr /^f vH?* - 1 Inear i zed template and T3 RNA 

polymerase was used to make the antisense probe, while one 
/ig of EcoRI -linearized template together with T7 RNA 
polymerase was used for the control sense probe. Alkaline 
hydrolysis (30 minutes at 60 °C) was used to reduce the 

20 average probe size to about 200 bases. The hydrolyzed 

probe was diluted 1:250 in hybridization solution (Nighorn, 
A. et al.. Neuron, 6:455-467 (1991)), boiled, quickly 
cooled on ice, added to the slides and hybridized at 42*'C 
overnight. The slides were then treated with RNAse A (20 

25 Mg/rol RNAse A in 0 . 5 M NaCl/10 mM Tris pH8 for 1 hour at 

37®C) prior to two 50®C washes. Digoxigenin detection was 
as described. 

Reverse Transcription Coupled With the Po lymerase Chain 
Reaction (RT-PCR) Analysis of dCR EB2 and Identification of 
3 0 Alternatively Spliced Exons 

The template for reverse transcription coupled with 
the polymerase chain reaction (RT-PCR) was total RNA or 
poly A+ RNA isolated from Drosophila heads as in Drain, P. 
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et al.. Neuron . 6: 71-82 (1991). Total RNA used was 
exhaustively digested with RNase-free DNase I (50 /ig of RNA 
digested with 50 units of DNase I for 60-90' at 37°C 
followed by phenol, phenol /chloroform extraction, and 
5 ethanol precipitation) prior to use. Results from separate 
experiments indicate that this DNase -treatment effectively 
eliminates the possibility of PCR products derived from any 
contaminating genomic DNA. Two rounds of selection using 
commercial oligo-dT columns (5 Prime-3 Prime) were used to 

10 isolate poly A+ RNA from total RNA. The template for an 

individual reaction was either 100-200 ng of total RNA, or 
10-20 ng of poly A+ RNA. 

The RT-PCR reactions were performed following the 
specifications of the supplier (Perkin-Elmer) with a "Hot 

15 Start" modification (Perkin-Elmer RT-PCR kit instructions) . 
All components of the RT reaction, except the rTth enzyme, 
were assembled at 75**C, and the reaction was initiated by 
adding the enzyme and lowering the temperature to 70® C. At 
the end of 15 minutes, the preheated (to 75 °C) PCR 

20 components (including trace amounts of [a^^P] dCTP) were 
added quickly, the reaction tubes were put into a pre- 
heated thermocycler , and the PCR amplification begun. 
Cycling parameters for reactions (100 /xl total volume) in a 
Perkin-Elmer 480 thermocycler were 94®C for 60 seconds, 

25 followed by 70 ®C for 90 seconds. For reactions {50/xl) in 
an MJ Minicycler the parameters were 94 ®C for 45 seconds 
and 70**C for 90 seconds. 

All primers used in these procedures were designed to 
have 26 nucleotides complementary to their target sequence. 

3 0 Some primers had additional nucleotides for restriction 

sites at their 5' ends to facilitate subsequent cloning of 
the products. Primers were designed to have about 50% GC 
content, with a G or C nucleotide at their 3' most end and 
with no G/C runs longer than 3. For RT-PCR reactions with 

3 5 a given pair of primers, the Mg*^ concentration was 
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optimized by running a series of pilot reactions, at Mg*^ 
concentrations ranging from 0.6 mM to 3.0 niM. Reaction 
products were analyzed on denaturing urea-polyacrylamide 
gels by autoradiography. Any product that appeared larger 
5 than the band predicted from the cDNA sequence was purified 
from a preparative native gel, re-amplified using the same 
primers, gel-purified, subcloned and sequenced. 

To verify that a given RT-PCR product was truly 
derived from RNA, control reactions were run to show that 
10 the appearance of the product was eliminated by RNase A 
treatment of the template RNA. Also, products generated 
from reactions using total RNA as the template were re- 
isolated from reactions using twice-selected polyA+RNA as 
template - 

A ^ r -i-ci. iit-fc. J 

Expression constructs for transient transfection 
experiments in Drosophila were made in the expression 
vector pActSCPPA (Han, K. et al . , Cell, 56: 573-583 (1989)) 
or in pAcQ. pAcQ is a close derivative of pActSCPPA in 

20 which the Xbal site at the 5' end of the 2.5 kb actin 

promoter fragment was destroyed and additional sites were 
inserted in the polyl inker. pAc -dCREBI was made by 
subcloning a KpnI-SacI fragment containing the complete 
dCREBl open reading frame (from a cDNA subcloned into pKS+) 

25 into pActSCPPA. pAc-PKA was constructed by subcloning an 
EcoRV fragment encoding the Drosophila PKA catalytic 
subunit (Foster, J.L. et al . , J. Biol, Chem. , 263: 1676- 
1681 (1988)) from a modified pHSREMl construct (Drain, P. 
et al., NeuroTir 6: 71-82 (1991)) into pAct5CPPA. To make 

30 the 3xCRE- lacZ reporter construct for Drosophila cell 
culture, the double -stranded, wild- type 3xCRE 
oligonucleotide used in the gel shift analysis was cloned 
into the KpnI-Xbal backbone of HZ50PL (Hiromi, Y. and W.J, 
Gehring, Cell, 50: 963-974 (1987)), a reporter construct 



BNSCOCID: <WO 961 1270A1 _!_> 



wo 96/1 1270 



PCT/US95/13198 



-50- 

made for enhancer testing which has cloning sites in front 
of a minimal hsplO promoter- lacZ fusion gene. 

RSV'dCREB2-a, was constructed in a long series of 
cloning steps. Essentially, the activator-encoding open 
5 reading frame was first reconstructed on the plasmid pKS+ 
by sequentially adding each of the three exons (exons 2, 4 
and 6) into the original cDNA of dCREB2-b, which had been 
s\ibcloned from phage DNA into-pKS+. Site-directed 
mutagenesis was used to introduce unique restriction enzyme 
10 sites both 5' and 3' of the dCREB2'b open reading frame, 
and these sites facilitated the subcloning process and 
allowed removal of 5' and 3' untranslated sequences. Once 
the activator was assembled, the resulting open reading 
frame was sequenced to confirm the cloning steps and moved 
15 into a modified RSV vector which contained a polylinker 
located betiween the RSV promoter and the SV40 
polyadenylation sequences (RSV-0) . RSV'dCREB2'b was made 
by moving the original dCREB2'b cDNA (which had been 
subcloned into pKS+) into RSV-0. 
20 Other constructs used in experiments were: pCaE (pMtC) 

(Mellon, P.L. et al., Proc. Natl. Acad. Sci. USA, 86: 4887- 
4891 (1989)), which contains the cDNA for mouse PKA 
catalytic subunit cloned under the mouse metallothionein 1 
promoter; RSV-Sgal (Edlund, T. et al . , Science, 230i 912- 
25 916 (1985)), which expresses the lacZ gene under control of 
the Rous sarcoma long terminal repeat promoter (Gorman, 
CM. et al., Proc. Natl. Acad. Sci. USA, 79: 6777-6781 
(1982)). RSV-CREB (Gonzalez, G.A. et al . , Nature, 337: 
749-752 (1989) ) is a CREB cDNA fragment containing the 341- 
3 0 amino acid open reading frame under the RSV LTR-promoter in 
RSV-SG, and the D(-71) CAT reporter (Montminy, M.R. et al . , 
Proc. Natl. Acad. Sci. USA, 83: 6682-6686 (1986)) which is 
a fusion of a CRE- containing fragment of the rat 
somatostatin promoter and the bacterial CAT coding region. 
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F9 Cell Culture and Transfection 

Undifferentiated F9 cells were maintained and 
transfected using the calcium phosphate method as described 
in Darrow, A.L. et al . , "Maintenance and Use of F9 Terato- 
5 carcinoma Cells" In Meth. Enzymol . , v, 190 (1990), except 
that chloroquine was added to 100 mM immediately before 
transfection and precipitates were washed off ten hours 
after transfection, at which time the dishes received fresh 
chloroquine -free medium. Amounts of DNA in trans feet ions 

10 were made ecjuivalent by adding RSV-0 where required. Cells 
were harvested 3 0 hours after transfection. Extracts were 
made by three cycles of freeze/thawing, with brief 
vortexing between cycles. Particulate matter was cleared 
from extracts by ten minutes of centrif ugation in the cold. 

15 S-galactosidase assays were performed as described in 
Miller. J.H., Experiments in Molecular Genetics, Cold 
Spring Harbor Laboratory, Cold Spring Harbor, NY, 1972. 
CAT assays were performed as described in Sheen, J.Y. and 
B- Seed, Gene, €7z 271-277 (1988) using aliquots of extract 

20 heat-treated at 65*=*C for ten minutes and centrif uged for 
ten minutes to remove debris. Results reported are from 
three experiments run on different days with at least three 
dishes per condition within each experiment. Error bars 
represent standard error of the mean, with error 

25 propagation taken into acco\int (Grossman, M. and H.W. 
Norton, J. Hered. , 71: 295-297 (1980)). 

Drosoiphila Cell Culture and Transient Transfection 

Schneider L2 cells in Schneider's medium (Sigma) 
supplemented with 10% fetal bovine serum (FBS) or Kcl67 
3 0 cells in D-22 medium (Sigma) supplemented with 10% FBS, 
were transfected by the calcium phosphate method 
essentially as described in Krasnow, M.A. et al.. Cell, 57i 
1031-1043 (1989), with the following differences. Kcl67 
cells were plated at 2x10^ cells/ml and chloroquine was 
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added to a final concentration of 100 mM immediately prior 
to transf ection. A total of 10 fig of plasmid DNA per dish 
was used for L2 transf ections and 25 fig per dish for Kcl67 
transf ections • DNA masses in transf ections were made 
5 equivalent with pGEM7Zf+ where required. Precipitates were 
left undisturbed on L2 cells until harvest, but for Kcl67 
cells the original medium was replaced with fresh, 
chloroquine-f ree medium after twelve hours. Cells were 
harvested thirty- six to forty-eight hours after 

10 transf ection . Extracts were made and enzymatic assays 
performed as described above for F9 cells. Results 
reported for transf ections are averages of at least three 
experiments run on different days, with at least duplicate 
dishes for each condition within experiments. Error bars 

15 represent standard error of the mean, with error 

propagation taken into account (Grossman, M. and H,W. 
Norton, J. Hered., 71: 295-297 (1980)), 

iS-aalactosidase (Saal) and Chloramphenicol Acetyl 
Transferase (CAT) Assays 

20 S-galactosidase assays were run and activity 

calculated as described in Miller, J.H., Experiments in 
Molecular Genetics, Cold Spring Harbor Laboratory, Cold 
Spring Harbor, NY, 1972. CAT assays were performed 
essentially according to Sheen, J.Y. and B. Seed, Gene, 67: 

25 271-277 (1988) ) using supernatants from heat-treated 
aliquots of extracts (SS^'C for 10 minutes and then 
centrifuged for 10 minutes) . Relative activity was 
calculated according to Sheen, J.Y. and B. Seed, Gene, 67: 
271-277 (1988) ) . 

3 0 PKA-Responsive Transcriptional Activation by dCREB2'a 

F9 cells were transiently transfected with 10 /ig of 
D(-71) CAT plasmid as a CRE-directed reporter. 5 fig of 
RSV-Sgal reporter was included in each dish as a 
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normalization control for transfection efficiency. 
Different groups received 8 fig of dCREB2'a expression 
vector and 4 fig of PKA expression vector, separately or in 
combination. Results are expressed as CAT/iSgal enzyme 
5 activity ratios, standardized to values obtained with PKA- 
transfected dishes. 

Transcriptional Ef fect of dCREB2'b and a Mutant Variant On 
PKA- Responsive Activation by dCREB2'S 

F9 cells were transiently cotransf ected with 10 fig of 
D(-71) CAT along with the indicated combinations of the 
following expression constructs: RSV-dCREB2'a (5 fxg) ; pMtC 
(2 fjLg) ; RSV'dCREB2-b (5 ^g) ; and RSV-niLZ-dCREB2'br which 
expresses a leucine- zipper mutant of dCREB2'b (5/xg) . The 
DNA mass for each dish was made up to 27 fig with RSV-O. 
Other experimental conditions are as described above under 
"PKA-Responsive Transcriptional Activation by dCREB2-a"- 

Transcrip tional Activation of a CRE Reporter Gene bv dCREBl 
in Drosor>h±la Schneider L2 cell culture 

The cells were transiently transfected with a dCREBl 
2 0 expression construct (1 fig) , with or without a construct 

which expresses Drosophila PKA. 3xCRE-Sgal reporter (1 ^g) 
and the normalization Ac-CAT reporter (1 ^g) were included 
in each dish. Expression vectors not present in particular 
dishes were replaced by pACQ. 

25 Example 1 Isolation and Characterization of dCREB2 

Two different genes were isolated in a DNA-binding 
expression screen of a Drosophila head cDNA library using a 
probe containing three CRE sites (3xCRE) . Many clones were 
obtained for the dCREB2 gene, while only one clone was 

30 obtained for dCREBl. The dCREB2 clones had two 

alternatively- spliced open reading frames, dCREB2'b and 
dCREB2'C (see Figure 2) . These differed only in the 
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presence or absence of exon 4 and in their 5' and 3' 
untranslated regions. The inferred translation product of 
dCREB2-b showed very high sequence similarity to the amino 
acid sequences of the basic region/leucine zipper (bZIP) 
5 domains of mammalian CREB (SEQ ID NO.: 4), CREM (SEQ ID 
NO. : 5) and ATF-1 (SEQ ID NO. : 6) (see Figure IB) . 

Chromosomal in situ hybridization using a dCREB2 probe 
localized the gene to a diffuse band at 17A2 on the X 
chromosome, a region which contains several lethal 

10 complementation groups (Eberl, D.F. et al . , Genetics, 30i 
569-583 (1992) ) . 

To determine the DNA binding properties of dCREB2'h, 
the DNA binding activity of dCREB2'b was assayed using a 
gel mobility-shift assay. Bacterial extracts expressing 

15 the dCREB2'b protein retarded the migration of a 

triplicated CRE probe (3xCRE) . The protein had lower, but 
detectable, affinity for a mutated 3xCRE oligonucleotide. 
Competition experiments using unlabeled competitor 
oligonucleotides showed that the binding of dCREB2'b to 

2 0 3xCRE was specific with higher affinity for CRE sites than 
to nonspecific DNA. Together with the conserved amino acid 
sequence, this functional similarity suggested that dCREB2 
was a CREB family member. 

The expression pattern of dCREB2 was determined by 

25 Northern blot analysis of poly A+RNA from various 

developmental stages. A complex pattern with at least 12 
different transcript sizes was found. Two bands of 
approximately 0.8 and 3.5 kb were common to all of the 
stages. The adult head contained transcripts of at least 

30 six sizes (0.8, 1.2, 1.6, 1.9, 2,3 and 3.5 kb) . Jn situ 
hybridization to RNA in Drosophlla head tissue sections 
showed staining in all cells. In the brain, cell bodies 
but not neuropil were stained. 

dCREB2 has alternatively-spliced forms. Initial 

35 transfection experiments showed that the dCREB2'C isoform 
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was not a PKA- responsive transcriptional activator. This 
information, together with the complex developmental 
expression pattern and the known use of alternative 
splicing of the CREM gene to generate PKA- responsive 
5 activators (Foulkes, N. and P. Sassone-Corsi , Cell, 68: 
411-414 (1992); Foulkes, N.S. et al . , Nature, 355: 80-84 
(1992) ) suggested that additional domains might be required 
to code for an activator. 

Reverse transcription coupled with the polymerase 

10 chain reaction (RT-PCR) was used to identify new exons . 

Comparison of the genomic DNA sequence with that of cDNAs 
indicated the general exon/intron organization and assisted 
in the search for additional exons. Sense and antisense 
primers spaced across the dCREB2-b cDNA were synthesized 

15 and used pairwise in RT-PCR reactions primed with 

Dxosophlla, head RITA. RGCLCticnc v;*ith primers in excns 5 and 
7 (see Figure 2) generated two products, one with the 
predicted size (compared with the cDNA clones) and one that 
was larger. The larger fragment was cloned and its 

20 sequence suggested the presence of exon 6 (see Figure lA; 
SEQ ID NO. : 1) . A primer within exon 6 was synthesized, 
end- labeled and used to screen a Drosophila head cDNA 
library- Two clones were isolated, sequenced and found to 
be identical. This splicing isoform, dCREB2-d, confirmed 

25 the splice junctions and exon sequence inferred from the 
RT-PCR products. 

Initial attempts to isolate exon 2 proved difficult. 
The genomic sequence that separated exons 1 and 3 (see 
Figure 2) was examined and one relatively extensive open 

3 0 reading frame (ORF) was identified. Three antisense 
primers, only one of which lay inside this ORF, were 
synthesized based on the intron sequence. Three sets of 
RT-PCR reactions were run in parallel, each using one of 
the three antisense primers and a sense primer in exon 1. 

3 5 Only the reaction that used the antisense primer in the ORF 
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produced a PCR product . The sequence of this product 
matched a continuous stretch of nucleotides from the 
genomic sequence, extending 3' from exon 1 past the splice 
junction in the dCREB2'b cDNA to the location of the 
5 antisense primer in the ORF. This fragment suggested that 
exon 1 might be extended in some mRNAs by use of an 
alternative 5' splice site located 3' to the site used to 
make dCREB2-b, Based on the newly- identified exon 
sequences, a sense primer was made. This primer was used 
10 with an antisense primer in exon 3 to generate a new 

product whose sequence established the location of the new 
5' splice site. The sequence added to exon 1 by 
alternative 5' splice site selection is denoted exon 2. 
The exon 2 sequence also showed that the same 3' splice 
15 site was used both for the original cDNA and for exon 2. 

To independently verify this alternative splicing pattern, 
RT-PCR was carried out with a primer that spanned the 3' 
splice junction of exon 2 and a primer in exon 1. The 
sequence of the product corroborated the splice junctions 
2 0 of exon 2 shown in Figure lA (SEQ ID NO. : 1) . 

To determine if exons 2 and 6 could be spliced into 
the same molecule, an RT-PCR reaction was carried out with 
primers in exons 2 and 6. The reaction produced a product 
of the size predicted by coordinate splicing of these two 
25 exons and the identity of this product was confirmed by 
extensive restriction analysis . 

dCREB2 is a Drosophila CREB/ATF gene. Figure lA shows 
the DNA sequence (SEQ ID NO.: 1) and inferred amino acid 
sequence (SEQ ID NO.: 2) of dCREB2-a, the longest ORF that 
30 can result from the identified alternative splicing events. 
The indicated translation start site for this ORF is 
probably authentic because: i) stop codons occur upstream 
from this ATG in all reading frames in our dCREB2 cDNAs 
{sequences not shown) ii) this ATG was selected by computer 
35 (Sheen, J.Y. and B. Seed, Gene, 67: 271-277 (1988)) as the 
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best ribosome binding site in the DNA sequence that 
contains the ORF; and iii) use of the next ATG in the open 
reading frame 48 0 nucleotides dovmstream would not produce 
an inferred product that is a PKA- dependent activator (see 
5 below) . This information does not exclude the possibility 
that internal translation initiation sites may be used in 
this transcript, as happens in the CREM gene's S-CREM 
isoform (Delmas, V. et al., Proc. Natl. Acad. Sci . USA, 89: 
4226-4230 (1992) ) . 

10 The dCREB2'a open reading frame predicts a protein of 

361 amino acids with a carboxyl- teirminal bZIP domain (SEQ 
ID NO. : 3) highly homologous to those of mammalian CREB 
(SEQ ID NO. : 4) and CREM (SEQ ID NO. : 5) (see Figure IB) . 
The inferred dCREB2'a product has a small region of amino 

15 acids containing consensus phosphorylation sites for PKA, 
calcium/calmodul in -dependent kinasa II (CaM kinace II) and 
protein kinase C (PKC) at a position similar to that of the 
P-box in CREB, CREM and ATF-1. The amino- terminal third of 
the predicted dCREB2-a is rich in glutamines (including 

2 0 runs of four and five residues) . Glutamine-rich activation 

domains occur in CREB, CREM, and other eukaryotic 
transcription factors, including some from Drosophila 
(Courey, A.J. and R. Tijan, "Mechanisms of Transcriptional 
Control as Revealed by Studies of the Human Transcription 
25 Factor Spl" In Transcriptional Regulation, vol, 2, 

McKnight, S.L. and K.R, Yamamoto (eds.). Cold Spring Harbor 
Press, Cold Spring Harbor, NY, 1992; Mitchell, P.J. and R. 
Tijan, Science, 245: 371-378 (1989)). 

A computerized amino acid sequence homology search 

3 0 with the predicted dCREB2-a protein sequence (SEQ ID 

NO. : 2) identifies CREB, CREM and ATF-1 gene products as 
the closest matches to dCREB2*a. The homology is 
particularly striking in the carboxyl- terminal bZIP domain 
where 4 9 of 54 amino acids are identical with their 
3 5 counterparts in mammalian CREB (Figure IB) . The homology 
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is less striking, albeit substantial, in the activation 
domain. Lower conservation in this domain is also 
characteristic of the mammalian CREB and CREM genes 
(Masquilier, D. et ai . , Cell Growth Differ., 4i 931-937 
5 (1993)). 

Figure 2 shows the exon organization of all of the 
dCREB2 alternative splice forms that we have detected, both 
as cDNAs and by RT-PCR. Splice products of dCREB2 fall 
into two broad categories . One class of transcripts 

10 (dCREB2-a, -b, -c, -d) employs alternative splicing of 

exons 2, 4 and 6 to produce isoforms whose protein products 
all have the bZIP domains attached to different versions of 
the activation domain. The second class of transcripts 
(dCREB2'q, -r, -s) all have splice sites which result in 

15 in- frame stop codons at various positions upstream of the 
bZIP dorn^in. These all predict truncated activation 
domains without dimeriation or DNA binding activity. 

Two different dCREB2 isoforms, dCJ?£B2-a and dCREB2-h, 
have opposite roles in PKA- responsive transcription. The 

20 capacity of isoforms of the dCREB2 gene to mediate PKA- 
responsive transcription was tested in F9 cells. These 
cells have been used extensively to study CREB -dependent 
activation because their endogenous cAMP- responsive 
transcription system is inactive (Gonzalez, G.A. et al . , 

25 Nature, 337: 749-752 (1989); Masson, N. et al . , Mol . Cell 
Biol., 12: 1096-1106 (1992); Masson, N, et al . , Nucleic 
Acids Res., 21: 1163-1169 (1993)). Candidate cAMP- 
responsive transcription factors, synthesized from 
expression vectors, were transiently transfected with and 

3 0 without a construct expressing the PKA catalytic subunit . 
CREB -dependent changes in gene expression were measured 
using a cotransf ected construct that has a CRE-containing 
promoter fused to a reporter gene. 

The product of the dCREB2'-a isoform is a PKA- dependent 
35 activator of transcription (Figure 3) , Transfection of PKA 
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or dCREB2-a alone gave only modest activation above 
baseline values. Cotransf ection of dCREB2'a and PKA 
together, however, gave levels of activation 5.4-fold 
greater than the activation seen with PKA alone. 
5 dCREB2-b did not act as a PKA- dependent 

transactivator . When transfected together with the 
reporter and PKA, it failed to stimulate reporter activity. 
Instead, it functioned as a direct antagonist of PKA- 
dependent activation by dCREB2''a (Figure 4) . Cotranf ection 

10 of equimolar amounts of the dCREB2'cL and dCREB2'b 

expression constructs, along with PKA and the reporter, 
resulted in a nearly complete block of PKA-dependent 
activation from the CRE- containing reporter. 

The strong homology between the leucine zippers of 

15 dCREB2 (SEQ ID NO . : 3), CREB (SEQ ID NO . : 4) and CREM (SEQ 

abolish CREB dimerization (Dwarki, V.J. et al . , EMBO J., 9: 
225-232 (1990)) should also affect dCREB2 dimerization . 
The mutant Drosophila molecule mLZ-dCRE:B2-Jb was made by 

2 0 introducing two single-base changes that convert the middle 

two leucines of the leucine zipper to valines. An 
identical mutation in CREB abolishes homodimerization in 
vitro (Dwarki, V.J. et al . , EMBO J., 9i 225-232 (1990)). 
Cotransfected mLZ-dCRE:B2-Jb failed to block PKA-dependent 
25 activation by dCREB2'a (Figure 4) . 

Example 2 Isolation and Characterization of dCREBl 

A single cDNA representing the dCREBl gene was 
isolated in the same screen of a Drosophila lambda gtll 
expression library that yielded the dCREB2 cDNAs . The 

3 0 sequence of the dCREBl cDNA contained a complete open 

reading frame specifying a 266 amino acid protein with a 
carboxyl -terminal leucine zipper four repeats long and an 
adjacent basic region (Figure 5; SEQ ID NO. : 7). The 
amino-terminal half of the inferred protein contains an 
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acid-rich activation domain, with glutamate, asparate and 
proline residues spaced throughout, dCREBl has consensus 
phosphorylation sites for CaM kinase II and PKC throughout 
its length, but has no predicted phosphoacceptor site for 
5 PKA. 

Gel shift analysis showed higher-affinity binding of 
the dCREBl protein to 3xCRE than to 3xmCRE. 
Transcriptional activation by dCREBl was assayed with 
transient cotransf ection experiments using the Drosophil^ 

10 L2 and Kcl67 cell culture lines. In L2 cells, dCREBl 

activates transcription from CREs, but this effect is not 
enhanced by cotransf ection of PKA (Figure 6) . In Kcl67 
cells, dCREBl fails to activate reporter expression either 
alone or with cotransf ected PKA expression constructs. 

15 Genomic Southern blot analysis indicates that dCREBl 

is ^1 single copy gene, and chromosomal in situ 
hybridization shows that it is located at 54A on the right 
arm of chromosome 2 . 

These results show that dCREBl is a non-PKA responsive 

20 CREB family member from Drosophila. 

The following materials and methods were used in the 
work described in Examples 3 and 4 . 

Isolating Transgenic Flies 

EcoRI restriction sites were added (using PGR) just 5' 

25 to the putative translation initiation site and just 3' to 
the translation termination site in the dCREB2'b cDNA. 
This fragment was sequenced and subcloned into CaSpeR hs43, 
a mini -white transformation vector which contains the hspVO 
promoter, in the orientation so that the dCREB2-b open 

30 reading frame is regulated by the hsplO promoter. 

Germ- line transformation was accomplished using standard 
techniques (Spradling, A.C. and G.M. Rubin, Science, 218: 
341-347 (1982) ; Rubin, G.M. and A. Spradling, Science, 216: 
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348-353 (1982)). Two transgenic lines, 17-2 and Mll-l, 
each with one independent P-element insertion were 
generated and characterized. They appeared normal in 
general appearance, fertility and viability. These 
5 transgenic lines were outcrossed for at least five 

generations to w(CS-lO) (Dura, J-M., et al , , ^- Neurogenet. 
9z 1-14 (1993)), which itself had been outcrossed for ten 
generations to a wild- type (Can-S) stock. This extensive 
series of outcrossing is necessary to equilibrate the 
10 genetic background to that of Canton-S. Flies homozygous 
for the 17-2 transgene were bred and used for all 
experiments . 

The mutant blocker has been described previously (see 
Example 1) • The mutations were substituted into an 

15 otherwise wild- type blocker construct and germ- line 
transf OTTTiants were made by injecting into w (isoCJl) 
embryoes. Flies homozygous for the A2-2 transgene 
insertion were bred and used for all experiments. 
w (xsoCJl ) is a subline of w(CSlO) (see above) carrying 

20 isogenic X, 2""^ and 3"^** chromosomes and was constructed by 
Dr. C. Jones in our laboratory. Originally 4 0 such 
sublines were w(CSlO) using standard chromosome balancer 
stocks. Olfactory acuity, shock reactivity, learning and 
three-hr memory after one-cycle training then were assayed 

25 in each isogenic subline. As expected, a range of scores 
among the sublines was obtained. w(isoCJl) yielded scores 
that were most like those of w(CSlO) on each of these 
assays. By injecting DNA into the relatively homogeneous 
genetic background of w(isoCJl) , outcrossing of the 

30 resulting germ- line transf ormants to equilibrate 

heterogeneous) genetic backgrounds was not necessary. 

Cvcloheximide Feeding and Heat -Shock Regimen 

For experiments on memory retention after one-cycle 
training and on retrograde amnesia, flies were fed 3 5 mM 
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cycloheximide (+CMX; Sigma) in 4% sucrose (w/v) or 4% 
sucrose alone (-CXM) at 25 °C, Groups of 100 flies were 
placed in feeding tubes (Falcon 2017) containing two 1.0 x 
2.5 cm Whatmann 3MM filter paper strips that were soaked 
5 with a total of 250 /xl of solution. 

For experiments on one day retention after massed or 
spaced training, flies were fed 35 mM CXM and (w/v) 5% 
glucose dissolved in 3% ethanol . Groups of 100 flies were 
placed in feeding tubes (Falcon 2017) containing one 1.0 x 

10 2 . 5 cm Whatmann 3MM filter paper strips that was soaked 
with a total of 126 ^1 of solution. 

For experiments on learning after one-cycle training, 
olfactory acuity, and shock reactivity, flies were fed a 5% 
glucose, 3% ethanol solution alone or 35 mM CXM in the 

15 glucose/ethanol solution. 

The feeding period was limited to 12-14 hrs prior to 
training, or to the 24 -hr retention interval after 
training. Flies which were fed prior to training were 
transferred directly to the training apparatus after 

2 0 feeding, subjected to massed or spaced training, then 

transferred to test tubes containing filter paper strips 
soaked with 5% glucose during the 24-hr interval. Flies 
which were fed after training were trained, then 
transferred immediately to test tubes containing filter 

25 paper strips soaked with 5% glucose solution which was 

laced with 35 mM CXM. Flies remained in the test tubes for 
the duration of the 24 -hr retention interval. 

For heat-shock induction, flies were collected within 
two days of eclosion, placed in glass bottles in groups of 

30 about 600, and incubated overnight at 25** C and 70% 
relative humidity. The next day, three hours before 
training, groups of approximately 100 flies were 
transferred to foam- stoppered glass shell vials containing 
a strip of filter paper to absorb excess moisture. The 

35 vials then were submerged in a 37«»C water bath until the 



wo 96/1 1270 



PCT/US95/13198 



•63- 



10 



bottom of the foam stopper (inside the vial) was below the 
surface of the water, thereby insuring that the flies could 
not escape heat -shock. The vial remained submerged for 30 
min, after which the flies were transferred to a standard 
food vial for a 3-hr recovery period at 25" C and 70% 
relative humidity. Training began immediately after the 
recovery period. 

Pavlovian Learni ng and Memory and Testing 

Flies were trained with an automated version of the 
learning procedure of Tully, T. and W.G. Quinn, J. Comp. 
Physiol., 157: 263-277 (1985). In brief, flies were 
trapped in a training chamber, the inside of which was 
covered with an electrif iable copper grid. Groups of about 
10 0 flies were exposed sequentially to two odors [either 
15 octanol (OCT) or methylcyclohexanol (MCH) ] , which were 

carried through the training chamber in a current of air, 
for 60 seconds with 45 seconds rest intervals after each 
odor presenation. During exposure to the first odor, flies 
also were subjected to twelve 1.5-second pulses of 60 V DC 
2 0 with a 5 -second interpulse interval. After training, flies 
were transferred to food vials for a particular retention 
interval . Conditioned odor -avoidance responses then were 
tested by transferring flies to the choice point of a 
T-maze, where they were exposed simultaneously to OCT and 
25 MCH carried in the distal ends of the T-maze arms and out 

the choice point on converging currents of air. Flies were 
allowed to distribute themselves in the T-maze arms for two 
minutes, after which they were trapped in their respective 
arms, anesthetized and counted. The "percent correct" then 
was calculated as the number of flies avoiding the shock- 
paired odor (they were in the opposite T-maze arm) divided 
by the total number of flies in both arms. (The number of 
flies left at the choice point, which usually was less than 
5%, were not included in this calculation) . Finally, a 
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performance index (PI) was calculated by averaging the 
percent corrects of two reciprocal groups of flies -- one 
where OCT and shock were paired, the other where MCH and 
shock were paired and then by normalizing the average so 
5 that a PI=0 represented a 50:50 distribution in the T-maze 
and a PI=100 represented 100% avoidance of the shock-paired 
odor. For these studies, three different training 
protocols were used: 1. One-cycle training consisted of 
the training session just described. 2. Massed training 
10 consisted of 10 of these training cycles delivered one 

right after the other. 3. Spaced training consisted of 10 
training cycles with a 15-min rest interval between each. 
One-cycle training 'was used to assay learning, while massed 
and spaced was used to assay consolidated memories . 

Olfactory Acuity and Shock Reactivity 

odoT avoidance responses to OCT or to MCH at two 
different concentrations -- one (10") usually used in 
conditioning experiments and a 100-fold (10'^) dilution 
thereof were quantified in various groups of flies in 
the absence of heat shock and 3 hr or 24 hr after heat 
shock with the method of Boynton, S. and T. Tully, 
Genetics, 131: 655-672 (1992) . Briefly, flies are placed 
in a T-maze and given a choice between an odor and air. 
The odors are naturally aversive, and flies ususally choose 
air and avoid the T-maze arm containing the odor. For 
shock reactivity, flies are given a choice between an 
electrified grid in one T-maze arm, and an unconnected grid 
in the other. After the flies have distributed themselves, 
they are anesthetized, counted and a PI is calculated. 



20 



3 0 Statistical Analyses of Behavioral Data 

Since each PI is an average of two percentages, the 
Central Limit Theorem predicts that they should be 
distributed normally (see Sokal, R.R. and F.J. Rohlf , 
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Biometry, 2nd Edition, W.H. Freeman and Company, New York 
(1981) ) . This expectation was shown to be true by an 
empirical determination with data from Tully, T. and W.G. 
Quinn, J. Cowp. Physiol., 157: 263-277 (1985) and Tully, T. 
5 and D, Gold, iJ. Neurogenet., 9: 55-71 (1993). Thus, 

untransf ormed ( raw) data were analyzed parametrically with 
JMP2.1 statistical software (SAS Institute Inc., Gary NC) . 
Since preliminary experiments^ preceded all of the 
experiments summarized herein, all pairwise comparisons 

10 were planned. To maintain an experimentwise error rate of 
alpha = 0.05, the critical P values for these individual 
comparisons were adjusted accordingly (Sokal, R.R. and F.J. 
Rohlf, Biometry, 2nd Edition, W.H. Freeman and Company, New 
York (1981)) and are listed below for each experiment. 

15 All experiments were designed in a balanced fashion 

witn N-2 PIS per group collected per day; chen replicated 
days were added to generate final Ns . In each experiment, 
the experimenter (M.D.) was blind to genotype. 

A. One -day memory in wild- type flies fed CXM before 
20 or immediately after massed or spaced training (Figure 8) : 
Pis from these four drug treatments (-CXM before, -CXM 
after, +CXM before and +CXM after) and two training 
procedures (massed and spaced) were subjected to a TWO-WAY 
ANOVA with DRUG (Fjj.sgj = 8.93; P < 0.001) and TRAINing 
25 (F(x^s6) = 18.10, P < 0.001) as main effects and DRUG x TRAIN 
(F(3 5g, =4.68, P = 0.006) as the interaction term. P 
values from subsequent planned comparisons are summarized 
in Figure 8. The six planned comparisons were judged 
significant if P s 0.01. 

30 B- One-day memory after massed or spaced training in 

dCREB2~b transgenic flies (Figures 9A and 9B) : In 
experiments with the 17-2 transgenic line. Pis from two 
strains (Can-S and 17-2) and four training- regimens 
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(spaced-hs, spaced+hs, massed-hs and massed+hs) were 
sxibjected to a TWO-WAY ANOVA with STRAIN (Fj^^^o) = 1.57; P = 
0.22) and TRAINing- regimen (F^^.ao) =25.81, P<0.001) as main 
effects and STRAIN x TRAIN (F^^^o) ==6.62, P = 0.001) as the 
5 interaction term. A similar analysis was done with data 
from the Mll-l transgenic line, yielding STRAIN (F^^^o) = 
2.81; P = 0.10), TRAINing -regimen (Fja^^o, = 11.97, P < 
0,001) and STRAIN x TRAIN (Fo^^oj = 3.37, P = 0.03) effects. 
P values from subsequent planned comparisons are summarized 
10 in Figures 9A and 9B. In each experiment, the seven 

planned comparisons were judged significant if P s 0.01. 

C. Learning after one -cycle training in 17-2 
transgenic flies (Figure 9C) : Pis from two strains (Can-S 
and 17-2) and three heat -shock regimens [-hs, +hs (3 hr) 

15 and-hhs (24 hr) ] were subjected to a TWO-WAY ANOVA with 
STRAIN (F (1^30, = 0 ,69; P = 0.41) and HEAT-shock regimen 
<F(2,30) = 10 .29, P < 0.001) as main effects and STRAIN x 
HEAT (F(2.30) = 0.71, P = 0.50) as the interaction terra. P 
values from subsequent planned comparisons are summarized 

20 in Figure 9C. The three planned comparisons were judged 
significant if P s 0.02. 

D. One-day memory after spaced training in A2-2 
transgenic flies (Figure 10) : Pis from these three strains 
[w(isoCJl) , 17-2 and A2-2J and two heat-shock regimens [-hs 

25 and +hs (3 hr) ] were subjected to a TWO-WAY ANOVA with 
STRAIN (F(2^30) = 9 . 43, P < 0.001) and HEAT-shock regimen 
(F(i.30) ^9.84, P = 0.004) as main effects and STRAIN x HEAT 
(F(2.3o) = 5.71, P = 0.008) as the interaction term. P 
values from subsequent comparisons are summarized in Figure 
30 10. The six planned comparisons were judged significant if 
P s 0.01. 
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E. Olfactory acuity in 17-2 flies (Table) : Pis from 
these two strains (Can-S and 17-2), four different 
odor-levels (OCT- 10°, OCT- 10*^, MCH-10° and MCH- IQ-^) and 
three heat-shock regimens [-hs. +hs (3 hr) and +hs (24 hr) ] 
5 were subjected to a THREE-WAY ANOVA with STRAIN (F(j^ 134, = 
0.12, P = 0.73), ODOR-level (F(3^ia4) = 126.77, P < 0.001) 
and HEAT-shock regimen (F(2,xb4) =3.55, P = 0.03) as main 
effects, STRAIN x ODOR (F^^ig^, ^ 1,23, P = 0.30), STRAIN x 
KEAT (F(2 184, = 0.33, P = 0.72) and ODOR x HEAT (Ftg^ie^j = 
10 3.14, P = 0.006) as two-way interaction terms and STRAIN x 
ODOR X HEAT (F(6.ie4) = 0.48, P = 0.83) as the three-way 
interaction term, P values from stibsequent planned 
comparisons are summarized in the Table . The twelve 
planned comparisons were significant if P s 0.005. 

X5 Fr -?hock r*?-^.ct!^ Ivlt^y in J^7-^ flx^s (T^t*l^) 1 Pis f.irovx 

these two strains (Can-S and 17-2), two shock groups (60V 
and 20V) and three heat -shock regimens [-hs, +hs (3 hr) and 
+hs (24 hr) 1 were subjected to a THREE-WAY ANOVA with 
STRAIN (F(i,84) = 0.50, P = 0.48), SHOCK (Fii^e4) = 97.78, 

20 P<0-001) and HEAT-shock regimen (F(2^84j = 3.36, P = 0.04) as 
main effects, STRAIN x SHOCK (F^^^e*) = 1.12, P = 0.29), 
STRAIN X HEAT (F(2.e4, =1.06, P = 0.35) and SHOCK x HEAT 
(F(2,e4) =6.66, P = 0.002) as two-way interaction terms and 
STRAIN X SHOCK x HEAT (Fta^g^, =1.75, P =0.18) as the 

25 three-way interaction term. P values from subsequent 

planned comparisons are summarized in the Table. The six 
planned comparisons were judged significant if P s 0.01. 

G. Seven-day memory after spaced training in 17-2 
flies (Figure 11) : Pis from two strains (Can-S and 17-2) 
30 and two heat-shock regimens [-hs and +hs(3 hr) 1 were 

subjected to a TWO-WAY ANOVA with STRAIN (F(^^20) - 6 . 09 ; P = 
0,02) and HEAT-shock regimen (F^i^joi = 16.30, P = 0.001) as 
main effects and STRAIN x TRAIN (Fii^ao) = 7.73, P = 0.01) as 
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the interaction term. P values from subsequent planned 
comparisons are summarized in Figure 11. The three planned 
comparisons were judged significant if P 3s0.02. 

H. One-day memory after spaced training in rsh; 17''2 
5 double mutants (Figure 12); Pis from three strains (17-2, 

rsh and rsh; 17-2) and two heat-shock regimens [-hs and +hs 
(3 hr) ] were subjected to a TWO WAY ANOVA with STRAIN 
tFt2,3o»= 32,05; P < 0.001) and HEAT-shock regimen (F(3^30) = 

59.68, P< 0.001) as main effects and STRAIN x TRAIN (Fj^ aoj 
10 =11.59, P < 0.001) as the interaction term. P values from 

subsequent planned comparisons are summarized in Figure 12. 

The five planned comparisons were judged significant if P s 

0.01. 

I. Learning after one-cycle training in rsh; 17-2 

15 mutants (see text) : Pis from these two strains (Can-S and 
rsh;17'2) and two heat-shock regimens [-hs and +hs (3 hr) ] 
were isubjected to a TWO-WAY ANOVA with STRAIN (F^i^^oj = 
86.85, P < 0.001) and HEAT-shock regimen (Fd^aoi = 0.02, P < 
0.89) as main effects and STRAIN x HEAT (Fd^jo) = 0.86, P = 

20 0.37) as the interaction term. P values from subsequent 
planned comparisons are summarized in the Table. The two 
planned comparisons were significant if P s 0.03. 

J. Olfactory acuity in rsh;17-2 flies (Table) : Pis 
from these two strains (Can-S and rsh; 17 -2} , four different 

25 odor-levels (OCT-10°, OCT-IO'S MCH-IO® and MCH-IO"^) and two 
heat-shock regimens [-hs, and +hs (3 hr) ] were subjected to 
a THREE-WAY ANOVA with STRAIN (Fd^^j, = 0.02, P = 0.88), 
ODOR-level (Ft3,n2) = 50.03, P < 0.001) and HEAT-shock 
regimen (F(i^ii2) = 29.86, P < 0.001) as main effects, STRAIN 

30 X ODOR (F3^ii2, = 2.15, P = 0.10), STRAIN x HEAT (F^^i^jj = 

0.34, P = 0.56) and ODOR x HEAT (F^j.^jj « 6.41, P = 0.001) 
as two-way interaction terms and STRAIN x ODOR x HEAT 
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tFt3,ii2) = 1.12, P = 0.35) as the three-way interaction 
term. P values from subsequent planned comparisons are 
summarized in the Table. The eight planned comparisons 
were judged significant if P s O.Ol, 

5 K. Shock reactivity in rsh;17'2 flies (Table) : Pis 

from these two strains (Can-S and z'sh;17'-2) , two shock 
groups {60V and 20V) and two heat -shock regimens [-hs and 
+hs (3 hr) ] were subjected to THREE-WAY ANOVA with STRAIN 
{F(i.S6) = 0-51, P = 0.48), SHOCK (F^i^g^, = 88.14, P < 0.001) 

10 and HEAT-shock regimen (Fa.s6) =0.08, P = 0.77) as main 

effects, STRAIN x SHOCK (Fi.se, = O. 12, P = 0.73, STRAIN x 
HEAT (F(i,56) = 0.03, P = 0.86) and SHOCK x HEAT (Fd.ss, = 
0.39, P = 0.53) as two-way interaction terms and STRAIN x 
SHOCK X HEAT {F^^e^) = 1-58, P = 0.21) as the three-way 

15 interaction terrti: P vaIiii^b from subseCTuent planned 

comparisons are summarized in the Table. The four planned 
comparisons were judged significant if P s 0.01. 

Northern Analysis 

For RNA collection, the heat-shock regimen was the 
same as for behavioral experiments. For any indicated time 
interval between heat-shock and collection, flies rested in 
food-containing vials at 25**C. Flies were collected and 
quickly frozen in liquid nitrogen. All Northern analyses 
used head RNA. The tube of frozen flies was repeatedly 
rapped sharply on a hard surface, causing the heads to fall 
off. The detached frozen heads were recovered by sieving 
on dry ice. Approximately 1000 heads were pooled for RNA 
preparation. Wild- type and transgenic flies for each 
individual time point always were processed in parallel. 
Flies that were not induced were handled in a similar 
manner to induced flies, except that the vials were not 
placed at 37 ^C. Total head RNA was isolated from each 
group of flies, and poly A+ RNA was isolated using oligo dT 



25 



BNSDOCID: <WO. 



.9611270A1 J_> 



wo 96/11270 



PCT/US95yi3198 



-70- 

columns according to the instructions of the manufacturer 

(5' >3' Inc.) - The concentration of poly A+ mRNA was 

measured spectrophotometrically , and 0.5 mg of mRNA per 
lane was loaded and run on 1.2% f ormaldehyde- agarose gels . 
5 Northern blots were prepared, probed and washed (0.1 x SSC 
at 65®C) as described (Ausubel, F., Current Protocols In 
Molecular Biology, John Wiley and Sons, New York, 1994) . 
For detection of the transgene, an 843bp dCREB2-b cDNA 
fragment was subcloned into pKS+ and used to generate a 
10 uniformly- labeled antisense riboprobe. This fragment codes 
for the carboxyl- terminal 86 amino acids of the dCREB2'b 
protein plus 3' untranslated mRNA. 

Western Blot Analysis and Antiserum 

Western blot analysis was performed using a rabbit 
15 antiserum raised against a peptide corresponding to 16 

amino acids in the basic region of the dCREB2*b cDNA with 
an additional COOH terminal Cys, The sequence of the 
peptide was: (SEQ ID NO.: 24) NH2-RKREIRLQKNREAAREC-COOH. 
The peptide was synthesized and coupled to Sulfo-SMCC 

2 0 (Pierce) activated keyhole lympet hemocyanin. The antigen 

was injected into rabbits (100 /xg) and boosted at two week 
intervals. Sera was bled and tested for immune reactivity 
towards bacterially-expressed dCREB2-b protein. The 
antiserum was passed through a CM Af fi-gel Blue column 
25 (Biorad) , and the flow-through was concentrated by ammonium 
sulfate precipitation, resuspended and dialyzed against PBS 
(0.14 M NaCl, 2.7 mM KCl, 4 . 3 mM NajHPO^VHjO, 1.4 mM KH2PO4, 
pH 7.3). The dialyzed serum was affinity-purified using a 
peptide column made using an Ag/Ab Immobilization kit 

3 0 (Immunopure from Pierce) . After the antiserum was eluted 

using a 4M MgClj, O.l M HEPES pH 6 . 0 buffer, it was 
dialyzed into PBS and frozen. 

Each data point represents approximately 5 fly heads. 
Groups of about 25-50 flies were collected and quickly 
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frozen on liquid nitrogen until all of the time points had 
been collected. Heads were isolated resuspended in 
approximately 200 fxl of Ix Laemmli sample buffer, allowed 
to thaw and homogenized with a Dounce type B pestle. 
5 Samples were boiled for 5 minutes, and centrifuged for 10 
minutes at room temperature in an Eppendoff 
microcentrifuge. The supematants were collected and 
boiled again just prior to loading onto protein gels, . 
Standard procedures were used to separate equal amounts of 

10 proteins from each sample on 12% polyacrylamide -SDS gels 
and to transfer them to PVDF membranes by electroblotting 
(Ausubel, F,, Current Protocols in Moleculatr Biology, John 
Wiley and Sons, New York, 19 94) . 

The membranes were blocked for 60 minutes with a 5% 

15 BSA solution made up in TEST (10 mM Tris, pH 7.9, 150 mM 
NaCl , 0-05% Tween 20) = The primary ant ibody was dilute*^ 
1:1000 in TEST and incubated with the filter for 30 
minutes. The membranes were washed three times with TEST 
for 5 minutes each time and then incubated for 3 0 minutes 

20 with an alkaline phosphatase -conjugated anti-rabbit IgG 
second antibody (Promega) diluted 1:7500 in TEST. The 
membranes were washed three more times as before and 
developed using a chromogenic alkaline phosphatase reaction 
according to manufacturers suggestions (Promega) . 

25 Example 3 Transaene Expression Increased After Heat- 

Shock Induction 
In order to interpret the effects of transgene 
induction on behavior, dCREB2-b expression in transgenic 
flies (17^2) after heat-shock induction was measured. 

3 0 Northern blot analysis revealed elevated levels of hs- 

dCREB2-b message in the 17-2 flies immediately and three 
hours after heat -shock (Figure 7A) . This induction was 
also detectable in brain cells using in situ hybridization. 
Western blot showed increased dCREB2-b protein immediately 
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after induction (Figure 7B) . Elevated levels of the 
dC:REB2-b protein were seen nine hours later and were still 
detectable twenty four hours after induction. These data 
indicate that increased amounts of dCREB2-b existed in 
5 brain cells throughout spaced training, which ended about 
six hours after heat induction. 

The behavioral experiments also used transgenic flies 
(A2-2) which expressed a mutated dCREB2-b protein 
(dCREB2-mL2) . These mutations changed the two internal 
10 leucine residues of the leucine zipper to valine residues, 
and these changes have been shown to result in a protein 
which is unable to form dimers (Dwarki, V.J. et al . , EMBO 
J,, 9i 225-232 (1990)). In transient co- transf ection 
assays, the mutant protein was unable to block 
15 PKA-dependent transcription mediated by dCREB2-a, while the 
wild-type protein had blocking function. Western blot 
analysis showed that the wild-type and mutant blocker are 
expressed at similar levels beginning immediately after 
heat -shock induction and lasting for at least 6 hours 
20 (Figure 7C) . Therefore, it is unlikely that these two 
proteins have large differences in expression levels or 
stability in the transgenic flies. 

Northern blot analysis of two different housekeeping 
genes, myosin light chain (Parker, V.P., et al . , Mol . Cell 
25 Biol,, 5: 3058-3068 (1985)) and elongation factor a 

(Hovemann, B., et al . , Nucleic Acids Res,, 16: 3175-3194 
(1988) ) , showed that steady-state levels of their RNAs were 
unaffected after transgene induction for at least 3 hours. 
Gel shift analysis using two different consensus DNA 
3 0 binding sites showed that there, was no large effect on the 
gel shift species which formed after transgene induction 
for at least 9 hours. Cotransf ection of the blocker did 
not interfere with the activity of a transcription factor 
from a different family in cell culture. Considered 
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together, hs-dCREB2'h probably had fairly specific 
molecular modes of action after induction. 

Example 4 Assessment of the Role of CREBs in Long-Term 

Memory Formation 
5 Flies were fed 3 5 mM cycloheximide (CXM) for 12-14 

hours before, or for the 24 -hr retention interval 
immediately after, massed or spaced training (Figure 8) . 
Each of these CXM feeding regimens significantly reduced 
one -day memory after spaced training but had no effect on 

10 one -day memory after massed training (Figure 8) . Thus, 
cyclohexmide feeding immediately before or after spaced 
training disrupts one -day memory. These results suggest 
that protein synthesis is required soon after training for 
the formation of long- lasting memory. 

IS Thw results in Figure S chov** th^t cyclche^in"* 

feeding affects one-day retention after spaced training but 
not massed training. Different groups of wild- type (Can-S) 
flies were fed 5% glucose solution alone (hatched bars) or 
laced with 35 mM CXM (striped bars) either for 12-14 hr 

20 overnight before massed or spaced training or for the 24 -hr 
retention interval immediately after training. One-day 
memory retention was significantly lower than normal in 
flies fed CXM before (P < 0,001) or after (P < 0.001) 
spaced training. In both cases, one-day retention in CXM- 

25 fed flies was reduced to a level similar to one -day memory 
after massed training in glucose-fed flies (P 0.88 for 
CXM before training and P = 0.71 for CXM after training) . 
In contrast, no difference was detected between CXM-fed and 
control flies for one-day memory after massed training (P = 

30 0.49 and P = 0.46, respectively). 

One day retention after spaced training was unaffected 
in uninduced (-hs) transgenic flies (17-2) but was 
significantly reduced in induced (+hs) transgenic flies 
(Figure 9A) . In contrast, one-day retention after massed 
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training was normal in both uninduced and induced 
transgenic flies (Figure 9 A) • Comparisons of one -day- 
retention after spaced or massed training between wild- type 
flies with (+hs) or without (-hs) heat-shock indicated that 
5 the heat-shock regimen itself did not have a non-specific 
effect on memory after either training protocol. Thus 
induction of the dCREB2-b transgene only affected (i.e., 
disrupted) one-day memory after spaced training. 

One day retention after spaced or massed training in 
10 AflI-1, a second line carrying an independent hs-dCREB2-b 
insertion, also was tested. Results with Mll-1 were 
similar to those obtained with 17-2 (Figure 9B) . These 
results show that the effect of induced hs-dCREB2-b does 
not depend on any particular insertion site of the 
15 transgene. 

The results in Figures 9A-9C show that induction of 
the dCREB2'-b transgene disrupts one -day memory after spaced 
training, while one-day memoiry after massed training and 
learning are normal. 
20 In Figure 9A, different groups of wild- type (Can-S) 

flies (hatched bars) or hs-dCRBS2 -Jb transgenic (17-2) flies 
(striped bars) were given spaced training or massed 
training in the absence of heat shock (-hs) or three hours 
after heat shock {+hs) . After training, flies were 
25 transferred to standard food vials and stored at 18**C until 
one-day memory was assayed. No differences in one-day 
memory after spaced or massed training were detected 
between Can-S vs. 17-2 flies in the absence of heat shock 
(-hs; P = 0.83 and 0.63, respectively). When flies were 
30 trained three hours after heat shock (+hs) , however, one- 

day memory was significantly different between Can-S v. 17- 
2 flies after spaced training (P < 0.001) but not after 
massed training (P = 0.23). In fact, the one-day memory 
after spaced training was no different than that after 
35 massed training in induced 17-2 flies (P = 0.59). In 
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addition, the heat-shock regimen did not produce a non- 
specific effect on one-day retention after spaced (P = 
0.59) or massed (P = 1.00) training in Can-S flies. N=6 
performance indices (Pis) per group. 
5 The experiment described in Figure 9A was repeated in 

Figure 9B with a second, independently derived dCREB2'b 
transgenic line, Mll-l (striped bars) . Here again, a) no 
differences in one-day memory after spaced or massed 
training were detected between Can-S vs. Mll-l flies in the 

10 absence of heat -shock (-hs; P = 0.83 and 0.86, 

respectively) , b) a significant difference between Can-S v. 
Mll-1 for one-day memory after spaced training (P < 0.001) 
but not after massed training (P = 0.85) when trained three 
hours after heat-shock {+hs) , c) one-day memory after 

15 spaced training was no different than that after massed 

training in induced fli^s (p = o.43) and d) the heat- 

shock regimen did not produce a non-specific effect on one- 
day retention after spaced (P = 0.59) or massed (P = 0.94) 
training in Can-S flies. N=6 Pis per group. 

2 0 If induction of the transgene specifically affected 

LTM via disruption of gene expression, then learning should 
not be affected, since it does not require new protein 
synthesis. Different groups of flies were trained using 
one -cycle training either without heat -shock, or three or 
25 twenty four hours after heat-shock. These time points 
after induction were selected to correspond to the times 
when flies were trained and tested in the previous 
experiments (see Figures 9A and 9B) , Induction of the 
transgene {d'CREB2'b) in the 17-2 line had no effect on 

3 0 learning in either case (Figure 9C) . 

In Figure 9C, different groups of Can-S flies (hatched 
bars) or 17-2 transgenic flies (striped bars) received one- 
cycle training in the absence of heat shock (-hs) or three 
(+hs 3hr) or 24 (+hs 24hr) hours after heat -shock and then 
35 were tested immediately afterwards. In each case, no 
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differences between Can-S vs. 17-2 flies were detected (Ps 
= 0.28, 0.64 and 0.42, respectively), indicating that 
learning was normal in induced or uninduced transgenic 
flies. N=6 Pis per group. 
5 Induction of the transgene which contained the mutant 

blocker {A2-2) did not affect one-day retention after 
spaced training, while the wild-type blocker (17-2) had a 
dramatic effect (Figure 10) , The wdso CJl) flies, whose 
one-day retention also was unaffected by heat induction, is 
10 the isogenic control for the mutant blocker transgenic 

flies. Since Western blot analysis showed that wild-type 
and mutant blockers probably have similar expression 
levels, this result suggests that the blocker requires an 
intact leucine zipper to function effectively. 
15 Figure 10 shows that induction of the hS'dCREB2'mLZ 

mutant blocker does not affect one -day retention after 
spaced training. Different groups of wild- type [w (iso 
CJi;], hS'dCREB2'b transgenic (17-2) or mutant hS'dCREB2- 
mLZ transgenic flies (A2'2) received spaced training in the 
20 absence of heat-shock (-hs) or three hours after heat-shock 
(+hs) . The flies were then handled and tested as in Figure 
9A. No differences in one-day memory after spaced training 
were detected between w(isoCJl) vs. 17-2 flies or between 
wdsoCJl) vs, A2-2 flies in the absence of heat shock (-hs; 
25 P = 0.38 and 0.59, respectively). When flies were trained 
three hours after heat shock {+hs) , however, one -day memory 
after spaced training was significantly different between 
wdsoCJl) vs. 17-2 flies (P < 0.001) as in Figure 9A 
but was not different between w(±soCJl) vs. A2-2 flies (P = 
30 0.78). m addition, the heat-shock regimen did not produce 
a non-specific effect on one-day retention after spaced 
training in wdsoCJl) or A2-2 flies (P = 0.40 and P = 0.97, 
respectively. N=6 performance indices (Pis) per group. 

Olfactory acuity and shock reactivity are component 
35 behaviors essential for flies to properly learn odor-shock 
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associations. The Table shows the scores for these 
peripheral behaviors for Can-S versus 17-2 flies. With or 
without heat-shock, olfactory acuity and shock reactivity 
were normal in 17-2 transgenic flies. Thus, hS'dCREB2-b 
5 induction does not affect olfactory acuity or shock 
reactivity . 

If induction of hs-dCREB2'h blocks long-term memory 
(LTM) , then long- lasting memory also should be blocked- In 
wild- type flies, seven-day retention after spaced training 

10 consists solely of the CXM-sensitive LTM because the CXM 
insensitive ARM component has decayed away. In uninduced 
transgenic flies (17-2) , seven-day retention after spaced 
training was similar to retention in uninduced wild- type 
flies (P = 0.83; Figure 11). Seven-day retention was 

15 severely disrupted, however, in transgenic flies which were 
cr^ixieu cxxx'^t^ iiOuirs aft^r h^at-shock (P • C.CCl) 2.nd did 
not differ from zero (P = 0.91). In contrast, the heat- 
shock protocol had no detectable effect on seven-day memory 
in wild- type flies (P = 0.39) . Thus, induction of 

20 hS'dCREB2-b disrupts long-term memory (LTM) . 

Figure 11 shows that induction of hs-dCREB2-b 
completely abolishes 7-day memory retention. Previous 
analyses of radish mutants indicated that memory retention 
four or more days after spaced training reflects the sole 

25 presence of LTM. Thus, the effect of induced hS'dCREB2'b 
on LTM was verified by comparing 7-day retention after 
spaced training in Can-S (hatched bars) vs. 17-2 transgenic 
(striped bars) flies that were trained in the absence of 
heat -shock (-hs) or three hours after heat shock (+hs) . 

30 Flies were stored in standard food vials at 18**C during the 
retention interval. N=6 Pis per group. Seven-day 
retention after spaced training did not differ between Can- 
S and 17-2 in the absence of heat-shock (P = 0.83) but was 
significantly lower than normal in 17-2 flies after heat- 

35 shock (P = 0.002) - In fact, 7-day retention after spaced 
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training in induced 17-2 transgenic files was not different 
from zero (P = 0.92). In addition, the heat-shock regimen 
did not affect 7-day retention after spaced training non- 
specifically in Can-S flies (P = 0.39) . 
5 If induction of the hs*dCREB2-b transgene specifically 

blocks L.TM, then it should only affect the CXM- sensitive 
component of consolidated memory after spaced training . 
For both transgenic lines, 17-2 and Mll-1, the effect of 
transgene induction looked similar to the effect that CXM 
10 had on wild-type flies {compare Figure 8 with Figures 9A 
and 9B) - This similarity suggested that the induced 
dCREB2-b protein completely blocked CXM- sensitive memory, 
leaving ARM intact. The radish mutation disrupts ARM 
(Folkers, E., et al . , Proc. Natl .Acad. Scl . USA, 90: 8123- 
15 8127 (1993)), leaving only LTM one day after spaced 

training. Thus, a radish hs-dCREB2'b "double mutant" (rsh; 
17-2) was constructed to allow examination of LTM in the 
absence of ARM. In the absence of heat -shock, rsh; 17 -2 
double -mutants and radish single-gene mutants yielded 
20 equivalent one-day retention after spaced training (Figure 
12) . In contrast, when these flies were heat -shocked three 
hours before spaced training, one -day retention was 
undetectable in rsh; 17*2 flies but remained at mutant 
levels in radish flies. The double mutant also showed 
25 normal (radish-like) learning (P = 0.59) and normal 

(wild-type) olfactory acuity and shock reactivity in the 
absence of heat -shock versus three hours after heat shock 
(see the Table) . 

Figure 12 shows that induction of hs-dCREB2-b 
30 completely abolishes one-day memory after spaced training 

in radish; 17-2 "double mutants." Since radish is known to 
disrupt ARM, a clear view of the effect of hs-dCR£:B2 -Jb on 
LTM was obtained in radish; 17-2 flies. One-day retention 
after spaced training was assayed in rsh; 17-2 double 
35 mutants and in 17-2 and rsh single-gene mutants as 
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controls. Flies were trained in the absence of heat -shock 
(hatched bars) or three hours after heat -shock (striped 

bars) and stored at 18«*C during the retention interval. As 

usual, induction of h3~dCREB2-b produced significantly 
5 lower one-day memory after spaced training in 2 7-2 flies 
(P < 0.001). The heat-shock regimen, however, had no 

effect on such memory in jrctdish mutants 
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{P = 0.52), which reflects only the presence of LTM. In 
contrast, heat-shock produced significantly lower scores in 
rash;17-2 doiible mutants (P < 0.001), which were not 
different from zero (P = 0.20) . N=6 Pis per group. 

5 

The following materials and methods were used in the 
work described in Examples 5 and 6. 

Pavlovian Learning and Memory and Testing 
10 During one training session, a group of about 100 

flies was exposed sequentially to two odors [either octanol 
(OCT) or methylcyclohexanol (MCH) ] for 60 seconds with 45- 
second rest intervals after each odor presentation. During 
exposure to the first odor, flies received twelve 1.5- 
15 second pulses of 60 V DC with a 5-second interpulse 
interval. 

After training, flies were transferred to food vials 
and stored at 18**C for a seven-day retention interval. 
Conditioned odor -avoidance responses then were tested by 

20 transferring files to the choice point of a T-maze, where 
they were exposed simultaneously to OCT and MCH carried on 
converging currents of air in the distal ends of the T-maze 
arms and out the choice point . 

Flies were allowed to distribute themselves in the T- 

25 maze arms for 12 0s, after which they were trapped in their 
respective arms, anesthetized and counted. The "percent 
correct" then was calculated as the number of flies 
avoiding the shock-paired odor (they were in the opposite 
T-maze arm) divided by the total number of flies in both 

30 arms. (The number of flies left at the choice point, which 
usually was less than 5%, were not included in this 
calculation.) Finally, a performance index (PI) was 
calculated by averaging the percent corrects of two 
reciprocal groups of flies one where OCT and shock were 

35 paired, the other where MCH and shock were paired- -and then 
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by normalizing the average so that a PI = 0 represented a 
50:50 distribution in the T-maze and a PI=100 represented 
100% avoidance of the shock-paired odor. 

All behavioral experiments were designed in a balanced 
5 fashion with N=2 Pis per group collected per day; then 
replicated across days to generate final Ns , In all 
experiments, the experimenter was blind to genotype. 

statistical Analvses of Behavio r Data 
10 Pis are distributed normally (Tully, T. and D. Gold, 

J. Neurogenet., 9i 55-71 (1993)). Consequently, 
untransformed (raw) data were analyzed parametrically with 
JMP3.01 statistical software (SAS Institute Inc., Gary NO . 
Negative accelerating exponential Gompertz (growth) 
15 functions (see Lewis, D., C?uanti tative Methods in 

Psychology. McGraw-Hill, New York, New York (1960>) were 
fit to the data in Figures 13A and 13B via nonlinear least 
squares with iteration, 

20 Example 5 Effect on Lona Term Memory of Rep eated 

Training Sessions 
Seven- day memory retention (a measure of long term 
memory) in wild-type (Can-S) flies is induced incrementally 
by repeated training sessions. An automated version of a 

25 discriminative classical conditioning procedure was used to 
electroshock flies during exposure to one odor (CS+) but 
not to a second odor (CS-) . Seven days after one or more 
training sessions, memory retention of conditioned odor 
avoidance responses was cpiantified in a T-maze, where flies 

30 were presented the CS+ and CS- simultaneously for 120 
seconds . 

In Figure 13 A, long term memory as a function of the 
number of training sessions is indicated by open circles. 
One training session produced a mean performance index 
35 (PI±SEM; Note 1) near zero. Additional training sessions 
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with a 15-minute rest interval between each, however, 
yielded a steady increase in mean Pis with a maximum of 3 9 
after ten training sessions. Ten additional training 
sessions produced similar performance. A nonlinear 
5 "growth" function (solid line) was fit to the individual 
Pis using an iterative least squares method. N = 13, 6, 6, 
6, 13, 7, 7, 7, 7, 6, 7 and 7 Pis for groups receiving 1- 
10, 15 and 20 training sessions, respectively. 

10 Example 6 Effect on Long Term Memory of the Rest 

Interval Between Each Training Session 
Seven-day memory retention (a measure of long term 
memory) in wild-type (Can-S) flies is induced incrementally 
by the rest interval between each training session . As 

15 described in Example 5, an automated version of a 

discriminative classical conditioning procedure was used to 
electroshock flies during exposure to one odor (CS+) but 
not to a second odor (CS-) . Seven days after one or more 
training sessions, memory retention of conditioned odor 

2 0 avoidance responses was quantified in a T-maze, where flies 
were presented the CS+ and CS- simultaneously for 12 0 
seconds . 

In Figure 13B, long term memory as a function of the 
rest interval is indicated by open circles. Ten training 

25 sessions with no rest interval between each (massed 

training) produced a mean PI near zero. Increasing the 
rest interval between each of ten training sessions yielded 
a steady increase in mean Pis with a maximum of 34 for a 
10-minute rest interval. Rest intervals up to ten minutes 

30 longer produced similar performance. A nonlinear growth 
function (solid line) was fit to the data as above. N = 
12, 6, 6, 6, 6, 13, 7, 7, 7, 7, 7, 7 and 7 Pis for groups 
receiving 0-10, 15 and 20 minutes of rest between each 
training session . 

35 
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The following materials and methods were used in the 
work described in Examples 7-10. 



Isolating Transgenic Flies 
5 EcoRI restriction sites were added (using PGR) just 5' 

to the putative translation initiation site and just 3' to 
the translation termination site in the dCREB2-ct cDNA. 
This fragment was secjuenced and subcloned into CaSpeR hs43, 
a mini -white transformation vector which contains the hsp70 
10 promoter, in the orientation so that the dCREB2-a open 
reading frame is regulated by the hsp70 promoter. Germ- 
line transformation was accomplished by injecting into 
isogenic w (isoCJl) embryoes using standard techniques 

(Spradling, A.C. and G.M. Rubin, Science, 218z 341-347 
15 (1982); Rubin, G.M. and A. Spradling, Science, 218: 348-353 

(1982)). By injecting DNA into the relatively homogeneous 
genetic background of w(isoCJl) , outcrossing of the 
resulting germ- line transf ormants to equilibrate 

(heterogeneous) genetic backgrounds was not necessary. Two 
20 transgenic lines, C28 and C30, each with one independent P- 

element insertion were generated and characterized- They 

appeared normal in general appearance, fertility and 

viability. Flies homozygous for the C28 or C3 0 transgene 

were bred and used for all experiments. 

25 

Heat Shock Regimen 

For heat-shock induction, flies were collected within 
two days of eclosion, placed in glass bottles in groups of 
about 600, and incubated overnight at 25«C and 70% relative 

30 humidity. The next day, three hours before training, 

groups of approximately 100 flies were transferred to foam- 
stoppered glass shell vials containing a strip of filter 
paper to absorb excess moisture. The vials then were 
submerged in a 37 °C water bath until the bottom of the foam 

3 5 stopper (inside the vial) was below the surface of the 



BNSDOCID: <WO 9611270A1J_> 



wo 96/11270 



PCT/US95/13198 



water, thereby insuring that the flies could not escape 
heat -shock. The vial remained submerged for 3 0 minutes, 
after which the flies were transferred to a standard food 
vial for a 3-hr recovery period at 25°C and 70% relative 
5 humidity- Training began immediately after the recovery 
period. 

Statistical Analyses of Behavior Data 

Pis from the three strains (Can-S, C28 and C30) and 

10 six training- regiments (Ix+hs, 2xmassed+hs, lOxmassed+hs, 
Ix-hs, 2xmassed-hs and lOxmassed-hs) were subjected to a 
TWO-WAY ANOVA with STRAIN (F(2^ io2)=48.34; P <0-001) and 
TRAINing- regimen (F(5^ io2)=25 . 47 , P <0.001) as main effects 
and STRAIN x TRAIN (F^^o. 102) =5. 85, P <0.001) as the 

15 interaction term. Since preliminary experiments preceded 
all of the experimants summarized herein, all pairwist^ 
comparisons were planned. To maintain an experimentwise 
error rate of alpha = 0.05, the individual comparisons 
summarized in Figure 15B were judged significant if P < 

20 0.002 (Sokal, R.R, and F.J. Rohlf, Biometry, 2nd Edition, 
W.H. Freeman and Company, New York (1981)). 

Example 7 A Molecular Switch for the Formation of Long 

Term Memory 

25 Figure 14 presents a conceptual method of a molecular 

switch for the formation of LTM, based on differential 
regulation of CREB isoforms with opposing functions. 

Immediately after one training session, the relevant 
CREB activators and repressors are induced. Their combined 

30 functions (rather than molecular concentrations) are 

equivalent and yielded no net effect of CREB activators. 
Thus, repeated sessions of massed training (no rest 
interval) never induce LTM (see Figure ISA) . CREB 
repressors functionally inactivate faster than CREB 

35 activators, however, yielding an increasing net effect of 
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CREB activators (AC) with time (see Figure 13B) . If AC is 
positive at the end of a particular rest interval during 
spaced training, then (TREE activators are free to initiate 
downstream events involved with the formation of LTM. 
5 Usually, AC after one training session is not large enough 
to yield much LTM. Thus, repeated spaced training sessions 
serve to increase AC incrementally eventually to produce 
maximal LTM (see Figure 13A) • 

Experimental verification of two predictions from this 
10 model involving (TREE as a molecular switch for long term 

memory formation is shown in Figures 15A-15C and discussed 
in Examples 8-10. 

Example 8 Effect on Long Term Memory of Having Equal 

15 Amounts of CREE Activators and Repressors 

Imuiediatalv After One Training Session 
The model of a molecular switch for LTM predicts that 
the functional effects of all CREB activators and 
repressors are equal immediately after one training session 

2 0 (AC=0) - If no rest interval occurred between additional 

training sessions (massed training) , then functional CREB 
activator would not accumulate, thereby preventing the 
induction of downstream events required for LTM induction. 
To test this notion, wild-type (Can-S) flies were 
25 subjected to 48, instead of the usual 10 (see Figure 15B) , 
massed training sessions (48x massed) or, as a positive 
control, to 10 spaced training sessions with a 15 -minute 
rest interval (lOx spaced) . Seven-day memory after such 
massed training was near zero (Figure 15A) , while that 

3 0 after spaced training was near its usual maximum value (see 

Figure 13A) . Thus, nearly five times the usual amount of 
massed training still did not induce LTM. N=6 Pis for each 
group . 

Pis from two groups (lOx spaced or 4Bx massed) of 
3 5 wild- type (Can-S) files were subjected to a ONE-WAY ANOVA 
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with GROUP (Ff,o]=51.13; P <0.001) as the main effect. A 
subsequent planned comparison revealed that the mean PI of 
the 48x massed group did not differ significantly from zero 
(t(io]=l-6e; P=0.127) . 

5 

Example 9 Effect on Long Term Memory of Increasing 

Amounts of CREB Activator 
The model of a molecular switch for LTM predicts that 

experimentally increasing the amount of CREB activator will 
10 eliminate the requirements for at least 10 repeated 

training sessions with a 10-minute rest interval between 

each to produce maximal LTM. 

To test this idea, two transgenic lines {C28 and C3 0) 

ca.Try±ng an inducible hsp'dCREB2'a activator construct 
15 inserted into different cytological locations were 

generated. Different groups of flies from these two 

transgenic lines were subjected, along with wild- type (Can- 

S) files, to 1 (Ix) 2 (2x) or (lOx) massed training 

sessions three hours after heat-shock induction of the 
20 transgene (induced) or in the absence of heat-shock 

(uninduced) • 

Without heat -shock, seven- day memory in all three 
st^rains did not differ from zero after one, two or ten 
massed training sessions (all Ps > 0.002) . With heat* 

25 shock, seven-day memory in wild- type flies remained near 
zero in each massed training group (all Ps > 0.002) . In 
contrast, seven-day memory was significant (near the 
maximum of 35) after ten massed sessions in both the C28 
and C30 transgenic lines (all Ps < 0.0001) , Moreover, 

3 0 seven-day memory after one training session was similar to 
that after ten training sessions in both C28 (P = 0.89) and 
C3 0 (P = 0.89) transgenic flies. Thus, maximum LTM was 
induced after just one training session in transgenic flies 
expressing abnormally high levels of CREB activator. N=10, 
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4 and 6 Pis for each group of Can-S, C28 and C30, 
respectively. 

Example 10 Olfactory Acuity and Shock Reactivity 

5 Odor avoidance responses to OCT or to MCH were 

quantified with the method of Boynton, S. and T. Tully, 
Genetics, 131: 655-672 (1992), given a choice between an 
odor and air. The odors are naturally aversive, and flies 
usually chose air and avoided the T-maze arm containing the 
10 odor. After 120 seconds, the flies were trapped in their 

respective arms of the T-maze, anesthetized and counted. A 
PI was calculated as a normalized percent correctly 
avoiding the odor (cf . Example 5) . Pis from these two 
strains and two odor-groups (OCT and MCH) were subjected to 
15 a TWO-WAY ANOVA with STRAIN (F(i. i2, = 1.57, P=0.23) and ODOR 
(F(i. i2)*0-07, P=0.80) as main effects and DRUGxODOR 
{F(i^i2, = 0 .15, P=0.71) as the interaction term. The two 
subsequent planned comparisons were judged significant if 
P < 0.025, 

2 0 Shock reactivity was quantified with the method of 

Dura, J-M., et al . , J". Neurogrenet . , 9i 1-14 (1993) in wild- 
type (Can-S) flies, or in a transgenic line {C28) carrying 
an inducible hsp'dCREB2-aL construct, three hours after a 
30-minute heat shock at 37°C. Briefly, flies were placed 
25 in a T-maze and given a choice between an electrified grid 
{60V DC) in one T-maze arm and an unconnected grid in the 
other. After 120 seconds, the flies were trapped in their 
respective T-maze arms, anesthetized and counted. A PI was 
calculated as for olfactory acuity. Pis from these two 

3 0 strains were subjected to a ONE- WAY ANOVA with STRAIN (Fd, 

gj=13.03, P=0.01) as the main effect. 

Naive avoidance responses to odors or to shock three 
hours after heat-shock did not differ between wild-type 
(Can-S) versus transgenic (C28) flies for the two odorants 
35 (MCH and OCT) used for conditioning experiments (P=0.27, 
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0.55, respectively). N=4 Pis per group. Naive shock 
avoidance responses three hours after training for 
transgenic flies were slightly lower than those for wild- 
flies {P=0.01). N^4 Pis per group . 

5 

Examples 11-13 pertain to the Drosophila nitric oxide 
synthase work. 

Example 11 Low Stringency Hvbridization to a Phage 

10 Library of the Drosot?hila. Genome and 

Screening of DrosoiphilB cDNA Library 
6x10^ plaques of a genomic Drosophila. XDASH library 
with the 1.3 kb Bgl II fragment of, rat neuronal NOS cDNA 
(residues 3282-4573) under low stringency conditions of 40% 

15 formamide were screened as described in W.M. McGinnis et 
ai , , Nature 308: 428 (1954). Fifty positive phage were 
purified and grouped based on inter se hybridization. The 
contig containing the 2.4R fracfment of dNOS was comprised 
of 15 phage clones. Regions of cross-hybridization to the 

20 rat probe were identified, subcloned and three of them were 
sequenced. The other two did not contain sequences 
homologous to any protein in the database. A Drosophila 
head cDNA library (a gift from P. Salvaterra) was screened 
with the 2.4R fragment isolated from phage clone X8.ll in 

25 standard conditions. All phage purification and cloning 
steps were done with standard methods (J. Sambrook, E.F. 
Fritsch, T. Maniatis, Molecular cloning: A Laboratory 
Manual (Cold Spring Harbor Laboratory, Cold Spring Harbor, 
NY, 1989) ) . cDNA fragments were subcloned into Bluescript 

3 0 (Stratagene) and sequenced on both strands with Sequenase 
2.0 (USB) . 



35 
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Example 12 Activity of Drosoryhila Nitric Oxide Synthase 

(dNOS) 

The expression construct for activity assays contained 
dNOS cDNA (with an Xbal site engineered immediately 
5 upstream of the ATG codon) cloned into the Xbal and Smal 
sites of the pCGN expression vector [M. Tanaka and W. Herr, 
Cell, 60: 375 (1990)]. 293 human kidney cells were 
transfected with ISfig of the dNOS construct, or vector DNA, 
and precipitated with calcium phosphate as described in 
10 [M.J, Imperiale, L.T. Feldman and J.R. Nevins, Cell, 35: 

127 (1983)] - Cells were collected 2 days later and protein 
extracts were prepared as described in [J. Sambrook, E.F. 
Fritsch, T. Maniatis, Molecular cloning: A Lajboratory 
Manual (Cold Spring Harbor Laboratory, Cold Spring Harbor, 
15 NY, 1989) ] . 

The fusion protein for raising anti-DNOS ^^ntibodies 
was made by cloning a 0.29 kb EamllOSI -Sad fragment of 
dNOS cDNA (this fragment codes for 97 N-terminal amino 
acids of dNOS ORF) into EcoRI site of pGEX-KG [K. Guan and 
20 J.E. Dixon, Anal. Biochew. , 192: 262 (1991)]. The fusion 
protein was expressed in BL21 E. coli strain and purified 
over Glutathione -Sepharose columns (Pharmacia) as described 
in [G.J. Hannon, D. Demetrick, D. Beach, Genes & Dev., 7: 
2378 (1993)]. Immunization of rabbits, and serum 
25 preparation, was done by Hazleton Research Products, Inc. 
(Denver) . The DNOS protein was detected on Western blots 
using a 1:500 dilution of rabbit serum, and cross-reacting 
bands were visualized with anti-rabbit alkaline phosphatase 
conjugate (Promega) according to the protocol provided. 
3 0 The enzymatic assay was done essentially as described 

previously (D. Bredt and S. Snyder, Proc. Natl. Acad. Sci . 
USA, 87: 682 (1990)]. A 100 ml reaction mixture containing 
25 /xl (50-100 fig) of soluble protein extract, 50 mM Hepes 
pH 7.4, 3 FAD, 3^M FMN, 10 fiM tetrahydrobiopterin (ICN), 
35 1 mM DTT, .8 mM CaClj. 1 mM NADPH, 10 /xg/ml calmodulin, 2/11 
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of [^H] L-arginine (35.7 Ci/mmol, NEN) and 50 mM L-valine in 
was incubated for 60 minutes at 37**C. The reaction was 
stopped with 0.5 ml 20 mM Hepes pH 5.5, 2mM EDTA, 2mM EGTA, 
loaded on 0.5 ml Dowex AG 50WX-8 (Na* form) column and 
5 eluted with 3x0.5 ml of the stop buffer. Radioactivity- 
present in the eluent was quantified in a scintillation 
counter. 

Figures 17A-17B show the expression of DNOS enzymatic 
activity in 293 kidney cells. Figure 17A shows the results 

10 of a Western blot analysis of protein extracts from 293 

cells transfected with vector alone (lane 293 + vector) or 
with dNOS cDNA construct (lane 293 + dNOS) . 25 /xg of 
soluble protein extracts was resolved on 7.5% 
polyacrylaraide gel, transferred to nitrocellulose membrane 

15 and treated with ant i -DNOS antibody. The arrow indicates 
the position of the DNOS protein. Positions of Tnolecul^''^ 
weight markers (in kD) are shown on the left. 

Figure 17B shows siginificant DNOS enzyme activity 
measured in 2 93 cell extracts by conversion of ^H-L- 

20 arginine to ^H-L-citrulline . Enzymatic activity was 

detected only in cells transfected with dNOS cDNA construct 
(groups B-D) and is presented as specific activity (pmol of 
citrulline/mg/min. ) . The DNOS activity also was measured 
in the presence of 1 mM EGTA without exogenous Ca^* or 

25 calmodulin (group C) , or in the presence of 100 mM L-NAME 
(group D) . N=4 reactions per group. 

Example 13 Splicing Pattern of dNOS 

Heads and bodies of adult flies were separated on 

3 0 sieves. Total RNA was isolated by the guanidinium 

isothiocyanate method [P. Chomczynski and N, Sacchi, Anal. 
Biochem., 162: 156 (1987)]. Poly (A) * RNA selection. 
Northern blot and hybridization were done with standard 
methods (J. Sambrook, E.F. Fritsch, T. Maniatis, Molecular 

3 5 cloning: A Lstboratory Manual (Cold Spring Harbor 
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Laboratory, Cold Spring Harbor, NY, 1989)]. The blot was 
hybridized with random-primed dNOS cDNA (lO^cpm/ml) , washed 
in O.lxSSC and 0.1% SDS at 65°C and exposed to X-ray film 
for 72 hours. Two 25-mer primers [corresponding to 
5 residues 1374-1399 (the top primer) and 1793-1817 (the 

bottom primer) in the dNOS sequence] were used to amplify 
fragments of two dNOS splice products. Each RT-PCR 
reaction contained 30 ng of poly (A)* head RNA. In the 
first stage (RT) , 90 ng of the bottom primer and 5U of rTth 

10 polymerase (Perkin-Elmers) were added and the mixture was 
incxxbated in the MJ Research Minicycler* in the following 
sequence of conditions: 95**C/1 minute, 67<>C/45 seconds, 
70^C/13 minutes. The second stage (PGR) was carried out as 
follows: 94^C/45 seconds, 63*^C/45 seconds, 70**C/90 seconds 

15 and was repeated for 35 cycles. Products of . the reaction 
were analysed on a denaturing polyacrylamide (8%) gel. 
Bands of interest were isolated, reamplified, cloned into 
pCRlOOO (InVitrogen) and sequenced with Sequenase kit 
(USB) . 

2 0 Northern blot analysis of dNOS expression in adult 

flies shows a 5.0 kb dNOS transcript present in heads 
(Figure 18A) . Each lane contained 10 mg of poly (A)* mRNA 
isolated from Drosophila heads (H) or bodies (B) . The 
Northern blot was hybridized with the dNOS cDNA as 
25 described above. Positions of size markers (in kb) are 
shown on the left. The blot was overprobed with myosin 
light chain (MLC) (Parker, V.P., Mol . Cell Biol. 5: 3058- 
3068 (1985)) as a standard for RNA concentration. 

Figure 18B shows that the dNOS gene expresses two 

3 0 alternatively spliced mRNA species. RT-PCR reactions were 
performed on poly (A)* mRNA isolated from Drosophila heads 
and were resolved on 8% polyacrylamide gel. Arrows 
indicate the positions of DNA fragments of expected sizes : 
the 444 bp long- form fragment and the 129 bp short -form 

35 fragment (lane +RNA) . Other bands present in this lane are 



BNSDOCID: <WO 96n270AlJ_> 



wo 96/1 1270 PCT/US95/13198 



-93- 

artifacts from heteroduplexes that failed to denature. 
Poly (A)" mRNA was omitted from the control reaction (lane 
-RNA) , which otherwise was done in identical conditions. 
Size markers (kb ladder) are shown in the middle lane (KB) . 

5 

Equivalents 

Those skilled in the art will know, or be able to 
ascertain, using no more than-routine experimentation, many 
equivalents to the specific embodiments of the invention 
10 described herein. These and all other equivalents are 
intended to be encompassed by the following claims . 
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SEQtJENCE LISTING 



(1) GENERAL INFORMATION: 



(i) APPLICANT/ INVENTOR: 
APPLICANT 

(A) NAME: 

(B) STREET: 

(C) CITY: 

(D) STATE/PROVINCE: 

(E) COUNTRY: 

(F) POSTAL CODE/ZIP: 



Cold Spring Harbor Laboratory 
100 Bungtown Road 
Cold Spring 

New York 

U,S.A. 

11724 



INVENTORS 

(A) NAME: 

(B) STREET: 

(C) CITY: 

(D) STATE /PROVINCE: 

(E) COUNTRY: 

(F) POSTAL CODE/ZIP: 

(A) NAME: 

<B) STREET: 

(C) CITY: 

(D) STATE/PROVINCE: 

(E) COUNTRY: 

(F) POSTAL CODE/ZIP: 

(A) NAME: 

(B) STREET: 

(C) CITY: 

(D) STATE/PROVINCE: 

(E) COUNTRY: 

(F) POSTAL CODE/ZIP: 



Timothy P. Tully 
28 Fairway Place 
Cold Spring Harbor 

New York 

USA 

11724 

Jerry Chi -Ping Yin 
4 7 Shady Lane 
Huntington 

New York 

USA 

11743 

Michael Regulski 
18 Hemlock Avenue 
Huntington 

New York 

USA 

11743 



(ii) TITLE OF INVENTION: CLONING AND CHARACTERIZATION OF GENES 
ASSOCIATED WITH LONG-TERM MEMORY 



(iii) NUMBER OF SEQUENCES: 25 



(iv) CORRESPONDENCE ADDRESS: 

(A) ADDRESSEE: Hamilton, Brook, Smith & Reynolds, P.C. 

(B) STREET: Two Militia Drive 

(C) CITY: Lexington 

(D) STATE: Massachusetts 

(E) COUNTRY: USA 

(F) ZIP: 02173 



(v) COMPUTER READABLE FORM: 

(A) MEDIUM TYPE: Floppy disk 

(B) COMPUTER: IBM PC compatible 

(C) OPERATING SYSTEM: PC-DOS/MS-DOS 

(D) SOFTWARE: PatentIn Release #1.0, Version #1.3 0 



(vi) CURRENT APPLICATION DATA: 

(A) APPLICATION NUMBER: 

(B) FILING DATE: 

(C) CLASSIFICATION: 



(vii) PRIOR APPLICATION DATA: 

(A) APPLICATION NUMBER: US 08/361,063 
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(B) FILING DATE: 21-DEC-1994 

(vii) PRIOR APPLICATION DATA: 

(A) APPLICATION NtJMBER : US 08/319,866 

(B) FILING DATE: 07-OCT-1994 

(viii) ATTORNEY/ AGENT INFORMATION: 

(A) NAME: Granahan, Patricia 

(B) REGISTRATION NUMBER: 32,227 

(C) REFERENCE/DOCKET NUMBER: CSHL94-03A2 PCT 

(ix) TELECOMMUNICATION INFORMATION: 

(A) TELEPHONE: (617) 861-6240 

(B) TELEFAX: (617) 861-9540 

(2) INFORMATION FOR SEQ ID NO : 1 : 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 1083 base pairs 

(B) TVPE: nucleic acid 

(C) STRANDEDNESS : double 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: Other nucleic acid 

(A) DESCRIPTION: /desc » "cDNA and PCR analysis" 

(ix) FEATURE: 

(A) NAME/KEY: CDS 

(B) LOCATION: 1..1080 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:l: 

ATG GAC AAC AGC ATC GTC GAG GAG AAC GGC AAC TCG TCG GCG GCA TCG 4 8 

Met Asp Asn Ser He Val Glu Glu Asn Gly Asn Ser Ser Ala Ala Ser 
15 10 15 

GGC TCC AAT GAC GTG GTC GAT GTC GTT GCC CAA CAG GCG GCG GCA GCG 96 
Gly Ser Asn Asp Val Val Asp Val Val Ala Gin Gin Ala Ala Ala Ala 
20 25 30 

GTG GGC GGC GGC GGT GGA GGA GGA GGA GGC GGC GGC GGC GGT GGT AAC 144 
Val Gly Gly Gly Gly Gly Gly Gly Gly Gly Gly Gly Gly Gly Gly Asn 
35 40 45 

CCC CAG CAG CAG CAA CAG AAC CCA CAA AGT ACA ACG GCC GGC GGT CCA 192 
Pro Gin Gin Gin Gin Gin Asn Pro Gin Ser Thr Thr Ala Gly Gly Pro 
50 55 60 

ACG GGT GCG ACG AAC AAC GCC CAG GGA GGC GGA GTG TCC TCC GTG CTG 24 0 

Thr Gly Ala Thr Asn Asn Ala Gin Gly Gly Gly Val Ser Ser Val Leu 
65 70 75 80 

ACC ACC ACC GCC AAC TGC AAC ATA CAA TAC CCC ATC CAG ACG CTG GCG 28 B 

Thr Thr Thr Ala Asn Cys Asn He Gin Tyr Pro SCle Gin Thr Leu Ala 
85 90 95 

CAG CAC GGA CTG CAG GTG AGC ATT TGG GGA CCG GGT GCT TGG TGT CAA 336 
Gin His Gly Leu Gin Val Ser He Trp Gly Pro Gly Ala Trp Cys Gin 
100 105 110 
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CTG TCG AGT GTC AGO TGT TAG GGA TCC GAG CCA GAA GTG GCT ACC AAG 3 84 

Leu Ser Ser Val Arg Cys Tyr Gly Ser Gin Pro Glu Val Ala Tiir Lys 
115 120 125 

GAT GTG CAG TCC GTG ATA CAG GCC AAT CCC TCG GGA GTC ATA CAG ACA 432 
Asp Val Gin Ser Val lie Gin Ala Asn Pro Ser Gly Val He Gin Thr 
130 135 140 

GCA GCT GGA ACC CAG CAG CAG CAA CAG GCG CTG GCC GCC GCC ACA GCG 4 80 

Ala Ala Gly Tiir Gin Gin Gin Gin Gin Ala Leu Ala Ala Ala Tlir Ala 
X45 150 155 160 

ATG CAG AAG GTG GTC TAC GTG GCC AAG CCG CCG AAC TCG ACG GTC ATC 528 
Met Gin Lys Val Val Tyr Val Ala Lys PFb Pro Asn Ser Thr Val He 
165 170 175 

CAC ACG ACG CCT GGC AAT GCA GTG CAA GTG CGT AAC AAA ATC CCT CCA 5 76 

His Thr Thr Pro Gly Asn Ala Val Gin Val Arg Asn Lys He Pro Pro 
180 185 190 

ACC TTT CCA TGT AAG ATC AAG CCC GAA CCG AAC ACG CAG CAC CCG GAG 6 24 

Thr Phe Pro Cys Lys He Lys Pro Glu Pro Asn Thr Gin His Pro Glu 
195 200 205 

GAC AGC GAC GAG AGT CTG TCG GAC GAC GAT TCC CAG CAC CAC CGC AGC 6 72 

Asp Ser Asp Glu Ser Leu Ser Asp Asp Asp Ser Gin His His Arg Ser 
210 215 220 

GAG CTG ACG CGA CGG CCG TCG TAC AAT AAG ATC TTC ACC GAG ATC AGC 720 
Glu Leu Thr Arg Arg Pro Ser Tyr Asn Lys He Phe Thr Glu He Ser 
225 230 235 240 

GGT CCG GAC ATG AGC GGC GCA TCG CTT CCC ATG TCC GAC GGC GTG CTC 768 
Gly Pro Asp Met Ser Gly Ala Ser Leu Pro Met Ser Asp Gly Val Leu 
245 250 255 

AAT TCC CAG CTG GTG GGG ACC GGA GCG GGG GGC AAT GCG GCG AAC AGC 816 
Asn Ser Gin Leu Val Gly Thr Gly Ala Gly Gly Asn Ala Ala Asn Ser 
260 265 270 

TCC CTG ATG CAA TTG GAT CCC ACG TAC TAC CTG TCC AAT CGG ATG TCC 864 
Ser Leu Met Gin Leu Asp Pro Thr Tyr Tyr Leu Ser Asn Arg Met Ser 
275 280 285 

TAC AAC ACC AAC AAC AGC GGG ATA GCG GAG GAT CAG ACC CGT AAG CGC 912 
Tyr Asn Thr Asn Asn Ser Gly He Ala Glu Asp Gin Thr Arg Lys Arg 
290 295 300 

GAG ATC CGG CTG CAG AAG AAC AGG GAG GCG GCG CGT GAG TGC CGG CGC 960 
Glu He Arg Leu Gin Lys Asn Arg Glu Ala Ala Arg Glu Cys Arg Arg 
305 310 315 320 

AAG AAG AAG GAG TAC ATC AAG TGC CTG GAG AAT CGA GTG GCG GTG CTA 1008 
Lys Lys Lys Glu Tyr He Lys Cys Leu Glu Asn Arg Val Ala Val Leu 
325 330 335 

GAG AAC CAA AAC AAA GCG CTC ATC GAG GAG CTG AAG TCG CTC AAG GAG 1056 
Glu Asn Gin Asn Lys Ala Leu He Glu Glu Leu Lys Ser Leu Lys Glu 
340 345 350 
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CTC TAT TGT CAG ACC AAG AAC GAT TGA 1083 
Leu Tyr Cys Gin Thr Lys Asn Asp 
355 360 

(2) INFORMATION FOR SEQ ID NO: 2: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 360 amino acids 

(B) TYPE: amino acid 
(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: protein 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO : 2 : 

Met Asp Asn Ser lie Val Glu Glu Asn Gly Asn Ser Ser Ala Ala Ser 
15 10 15 

Gly Ser Asn Asp Val Val Asp Val Val Ala Gin Gin Ala Ala Ala Ala 
20 25 30 

Val Gly Gly Gly Gly Gly Gly Gly Gly Gly Gly Gly Gly Gly Gly Asn 
35 40 45 

Pro Gin Gin Gin Gin Gin Asn Pro Gin Ser Thr Thr Ala Gly Gly Pro 
50 55 60 

Thr Gly Ala Thr Asn Asn Ala Gin Gly Gly Gly Val Ser Ser Val Leu 
65 70 75 80 

Thr Thr Thr Ala Asn Cys Asn lie Gin Tyr Pro lie Gin Thr Leu Ala 
85 90 95 

Gin His Gly Leu Gin Val Ser lie Trp Gly Pro Gly Ala Trp Cys Gin 
100 105 110 

Leu Ser Ser Val Arg Cys Tyr Gly Ser Gin Pro Glu Val Ala Thr Lys 
115 120 125 

Asp Val Gin Ser Val lie Gin Ala Asn Pro Ser Gly Val lie Gin Thr 
130 135 140 

Ala Ala Gly Thr Gin Gin Gin Gin Gin Ala Leu Ala Ala Ala Thr Ala 
145 150 155 160 

Met Gin Lys Val Val Tyr Val Ala Lys Pro Pro Asn Ser Thr Val lie 
165 170 175 

His Thr Thr Pro Gly Asn Ala Val Gin Val Arg Asn Lys lie Pro Pro 
180 185 190 

Thr Phe Pro Cys Lys lie Lys Pro Glu Pro Asn Thr Gin His Pro Glu 
195 200 205 

Asp Ser Asp Glu Ser Leu Ser Asp Asp Asp Ser Gin His His Arg Ser 
210 215 220 

Glu Leu Thr Arg Arg Pro Ser Tyr Asn Lys lie Phe Thr Glu lie Ser 
225 230 235 240 
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Glv Pro Asp Met Ser Gly Ala Ser Leu Pro Met Ser Asp Gly Val Leu 
^ 245 250 255 

Asn Ser Gin Leu Val Gly Thr Gly Ala Gly Gly Asn Ala Ala Asn Ser 
260 265 270 

Ser Leu Met Gin Leu Asp Pro Thr Tyr Tyr Leu Ser Asn Arg Met Ser 
275 280 285 

Tyr Asn Thr Asn Asn Ser Gly He Ala Glu Asp Gin Thr Arg Lys Arg 
290 295 300 

Glu He Arg Leu Gin Lys Asn Arg Glu Ala Ala Arg Glu Cys Arg Arg 
305 310 315 320 

Lys Lys Lys Glu Tyr He Lys Cys Leu Glu Asn Arg Val Ala Val Leu 
325 330 335 

Glu Asn Gin Asn Lys Ala Leu He Glu Glu Leu Lys Ser Leu Lys Glu 
340 345 350 

Leu Tyr Cys Gin Thr Lys Asn Asp 
355 360 

(2) INFORMATION FOR SEQ ID NO: 3: 

"7a) LENGTH: 54 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: peptide 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 3: 

Arg Lys Arg Glu He Arg Leu Gin Lys Asn Arg Glu Ala Ala Arg Glu 
15 10 15 

Cys Arg Arg Lys Lys Lys Glu Tyr He Lys Cys Leu Glu Asn Arg Val 
20 25 30 

Ala Val Leu Glu Asn Gin Asn Lys Ala Leu He Glu Glu Leu Lys Ser 
35 40 45 

Leu Lys Glu Leu Tyr Cys 
50 

(2) INFORMATION FOR SEQ ID NO : 4 : 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 54 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: peptide 
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(xi) SEQUENCE .DESCRIPTION: SEQ ID N0:4: 

Arg Lys Arg Glu Val Arg Leu Met Lys Asn Arg Glu Ala Ala Arg Glu 
is 10 15 

Cys Arg Arg Lys Lys Lys Glu Tyr Val Lys Cys Leu Glu Asn Arg Val 
20 25 30 

Ala Val Leu Glu Asn Gin Asn Lys Thr Leu lie Glu Glu Leu Lys Ala 
35 40 45 

Leu Lys Asp Leu Tyr Cys 
50 

(2) INFORMATION FOR SEQ ID NO: 5: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH; 54 amino acids 

(B) TYPE: amino acid 

( C ) STRANDEDNESS : 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: peptide 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:5: 

Arg Lys Arg Glu Leu Arg Leu Met Lys Asn Arg Glu Ala Ala Arg Glu 
15 10 15 

Cys Arg Arg Lys Lys Lys Glu Tyr Val Lys Cys Leu Glu Asn Arg Val 
20 25 30 

Ala Val Leu Glu Asn Gin Asn Lys Thr Leu lie Glu Glu Leu Lys Ala 
35 40 45 

Leu Lys Asp Leu Tyr Cys 
50 

(2) INFORMATION FOR SEQ ID NO: 6: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 54 amino acids 

(B) TYPE: amino acid 

( C ) STRANDEDNESS : 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: peptide 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO : 6 : 

Leu Lys Arg Glu lie Arg Leu Met Lys Asn Arg Glu Ala Ala Arg Glu 
1 5 10 15 . 

Cys Arg Arg Lys Lys Lys Glu Tyr Val Lys Cys Leu Glu A^n Arg Val 
20 25 30 

Ala Val Leu Glu Asn Gin Asn Lys Thr Leu lie Glu Glu Leu Lys Thr 
35 40 45 



BNSDOCID: <WO 9611270A1_I_> 



wo 96/11270 



PCT/US95/13198 



-100- 



Leu Lys Asp Leu Tyr Ser 
50 



(2) INFORMATION FOR SEQ ID NO: 7: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 798 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS : double 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: cDNA 



(ix) FEATURE: 

(A) NAME/KEY: CDS 

(B) LOCATION: 1..798 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO : 7 : 

ATG TTA CTC GGA GAA AAT ATG TTT TCT ACT TTC ACA TCG TTA GAT GCT 48 
Met Leu Leu Gly Glu Asn Met Phe Ser Thr Phe Thr Ser Leu Asp Ala 
15 10 15 

GCT ACC GCT ACA ACC AAC ACC GGT GAA TTC TTA ATG AAT GAA TCT CCA 96 
Ala Thr Ala Thr Thr Asn Thr Gly Glu Phe Leu Met Asn Glu Ser Pro 
20 25 

AGG CAA GAA GCC GGT GAC TTA ATG TTG GAT AGT CTG GAT TTC AAC ATT 144 
Arg Gin Glu Ala Gly Asp Leu Met Leu Asp Ser Leu Asp Phe Asn lie 
35 40 45 

ATG GGC GAA AAC CTG GCA GAT GAT TTC CAG ACC TCG GCT TCA CCA GCT 192 
Met Gly Glu Asn Leu Ala Asp. Asp Phe Gin Thr Ser Ala Ser Pro Ala 
50 55 60 



TCG GAG GAC AAG ATG ACT CCT TTC GTT GTT GAT ACC AAT GTT TTT GAA 
Ser Glu Asp Lys Met Thr Pro Phe Val Val Asp Thr Asn Val Phe Glu 
65 70 75 80 



GTT GGT ATT GTT GAC ACG GAG TTG AAG GAG ATG TTC GAT TTG GTT GAC 
Val Gly lie Val Asp Thr Glu Leu Lys Glu Met Phe Asp Leu Val Asp 
100 105 110 



240 



TCC GTC TTC AAG AAC ACC GAA GAT ACC CTT CTA GGA GAT ATC GAC AAT 288 
Ser Val Phe Lys Asn Thr Glu Asp Thr Leu Leu Gly Asp lie Asp Asn 
85 90 95 



336 



TCG GAA ATC AAT AAC GGC ACT CCT ATC AAG CAG GAA GAA AAG GAT GAT 384 
Ser Glu lie Asn Asn Gly Thr Pro lie Lys Gin Glu Glu Lys Asp Asp 
115 120 125 

TTG GAA TTT ACT TCA AGA TCC CAG TCC ACC TCA GCT CTC TTG TCG TCG 432 
Leu Glu Phe Thr Ser Arg Ser Gin Ser Thr Ser Ala Leu Leu Ser Ser 
130 135 140 

AAA TCG ACT TCT GCT TCT CCA GCT GAT GCT GCC GCT GCA TGT GCA AGT 48 0 

Lys Ser Thr Ser Ala Ser Pro Ala Asp Ala Ala Ala Ala Cys Ala Ser 
145 150 155 160 
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CCT TCG TCA TCG TCT TGT AAA AGA TCC TAT TCT TCT GCT GAG CTA GAA 528 
Pro Ser Ser Ser Ser Cys Lys Arg Ser Tyr Ser Ser Ala Gin Leu Glu 
165 170 175 

ACT ACQ GGT TCG GAT GCT CCA AAG AAA GAT AAG CTG GGC TGC ACC CCT 576 
Thr Thr Gly Ser Asp Ala Pro Lys Lys Asp Lys Leu Gly Cys Thr Pro 
180 185 190 

TAC ACT AGA AAA CAG AGA AAC AAT CCA TTA CCT CCG GTC ATT CCA AAG 624 
Tyr Thr Arg Lys Gin Arg Asn Asn Pro lieu Pro Pro Val lie Pro Lys 
195 200 205 

GGT CAG GAT GTT GCT TCT ATG AAA AGG GCA AGA AAC ACT GAG GCC GCA 672 
Gly Gin Asp Val Ala Ser Met Lys Arg Ala Arg Asn Thr Glu Ala Ala 
210 215 220 

AGA AGA TCA AGA GCC AGA AAA ATG GAA AGA ATG TCC CAA CTT GAA GAA 720 
Arg Arg Ser Arg Ala Arg Lys Met Glu Arg Met Ser Gin Leu Glu Glu 
225 230 235 240 

AAG TGT CAA AGC TTG TTG AAG GAA AAC GAC GAC TTG AAA GCT CAA GTT 768 
Lys Cys Gin Ser Leu Leu Lys Glu Asn Asp Asp Lreu Lys Ala Gin Val 
245 250 255 

CAA GCT TTG AAG AAA TTA CTT GGA CAA CAA 798 
Gin Ala Leu Lys Lys Leu Leu Gly Gin Gin 
260 265 

(2) INFORMATION FOR SEQ ID NO: 8: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 266 amino acids 

(B) TYPE: amino acid 
(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: protein 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 8: 

Met Leu Leu Gly Glu Asn Met Phe Ser Thr Phe Thr Ser Leu Asp Ala 
1 5 10 15 

Ala Thr Ala Thr Thr Asn Thr Gly Glu Phe Leu Met Asn Glu Ser Pro 
20 25 30 

Arg Gin Glu Ala Gly Asp Leu Met Leu Asp Ser Leu Asp Phe Asn lie 
35 40 45 

Met Gly Glu Asn Leu Ala Asp Asp Phe Gin Thr Ser Ala Ser Pro Ala 
50 55 60 

Ser Glu Asp Lys Met Thr Pro Phe Val Val Asp Thr Asn Val Phe Glu 
65 70 75 80 

Ser Val Phe Lys Asn Thr Glu Asp Thr Leu Leu Gly Asp lie Asp Asn 
85 90 95 

Val Gly lie Val Asp Thr Glu Leu Lys Glu Met Phe Asp Leu Val Asp 
100 105 110 
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Ser Glu lie Asn Asn Gly Thr Pro lie Lys Gin Glu Glu Lys Asp Asp 
115 120 125 

Leu Glu Phe Tlir Ser Arg Ser Gin Ser Thr Ser Ala Leu Leu Ser Ser 
130 135 140 

Lys Ser Thr Ser Ala Ser Pro Ala Asp Ala Ala Ala Ala Cys Ala Ser 
145 150 155 160 

Pro Ser Ser Ser Ser Cys Lys Arg Ser Tyr Ser Ser Ala Gin Leu Glu 
165 170 175 

Thr Thr Gly Ser Asp Ala Pro Lys Lys Asp Lys Leu Gly Cys Thr Pro 
180 185 190 

Tyr Thr Arg Lys Gin Arg Asn Asn Pro Leu Pro Pro Val lie Pro Lys 
195 200 205 

Gly Gin Asp Val Ala Ser Met Lys Arg Ala Arg Asn Thr Glu Ala Ala 
210 215 220 

Arg Arg Ser Arg Ala Arg Lys Met Glu Arg Met Ser Gin Leu Glu Glu 
225 230 235 240 

Lys Cys Gin Ser Leu Leu Lys Glu Asn Asp Asp Leu Lys Ala Gin Val 
245 250 255 

Gin Ala Leu Lys Lys Leu Leu Gly Gin Gin 
260 2€S 



(2) INFORMATION FOR SEQ ID NO : 9 : 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 1350 amino acids 
<B) TYPE: amino acid 

(C) STRANDEDNESS : 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: protein 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 9: 

Met Ser Gin His Phe Thr Ser lie Phe Glu Asn Leu Arg Phe Val Thr 
15 10 15 

lie Lys Arg Ala Thr Asn Ala Gin Gin Gin Gin Gin Gin Gin Gin Gin 
20 25 30 

Gin Gin Leu Gin Gin Gin Gin Gin Gin Leu Gin Gin Gin Lys Ala Gin 
35 40 45 

Thr Gin Gin Gin Asn Ser Arg Lys lie Lys Thr Gin Ala Thr Pro Thr 
50 55 60 

Leu Asn Gly Asn Gly Leu Leu Ser Gly Asn Pro Asn Gly Gly Gly Gly 
65 70 75 80 

Asp Ser Ser Pro Ser His Glu Val Asp His Pro Gly Gly Ala Gin Gly 
85 90 95 
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Ala Gin Ala Ala Gly Gly Leu Pro Ser Leu Ser Gly Thr Pro Leu Arg 
100 105 110 

His His Lys Arg Ala Ser lie Ser Thr Ala Ser Pro Pro lie Arg Glu 
115 120 125 

Arg Arg Gly Thr Asn Thr Ser lie Val Val Glu Leu Asp Gly Ser Gly 
130 135 140 

Ser Gly Ser Gly Ser Gly Gly Gly Gly Val Gly Val Gly Gin Gly Ala 
145 150 155 160 

Gly Cys Pro Pro Ser Gly Ser Cys Thr Ala Ser Gly Lys Ser Ser Arg 
165 170 175 

Glu Leu Ser Pro Ser Pro Lys Asn Gin Gin Gin Pro Arg Lys Met Ser 
180 185 190 

Gin Asp Tyr Arg Ser Arg Ala Gly Ser Phe Met His Leu Asp Asp Glu 
195 200 205 

Gly Arg Ser Leu Leu Met Arg Lys Pro Met Arg Leu Lys Asn lie Glu 
210 215 220 

Gly Arg Pro Glu Val Tyr Asp Thr Leu His Cys Lys Gly Arg Glu lie 
225 230 235 240 

Tje^u Ser* Cvs S^TT !L.v« ATa TlllT TlliT S^T S^?r Tl"? M^t A^n. Xle (Irl'^' 

245 " 250 255 

Asn Ala Ala Val Glu Ala Arg Lys Ser Asp Leu lie Leu Glu His Ala 
260 265 270 

Lys Asp Phe Leu Glu Gin Tyr Phe Thr Ser lie Lys Arg Thr Ser Cys 
275 280 285 

Thr Ala His Glu Thr Arg Trp Lys Gin Val Arg Gin Ser He Glu Thr 
290 295 300 

Thr Gly His Tyr Gin Leu Thr Glu Thr Glu Leu He Tyr Gly Ala Lys 
305 310 315 320 

Leu Ala Trp Arg Asn Ser Ser Arg Cys He Gly Arg He Gin Trp Ser 
325 330 335 

Lys Leu Gin Val Phe Asp Cys Arg Tyr Val Thr Thr Thr Ser Gly Met 
340 345 350 

Phe Glu Ala He Cys Asn His He Lys Tyr Ala Thr Asn Lys Gly Asn 
355 360 365 

Leu Arg Ser Ala He Thr He Phe Pro Gin Arg Thr Asp Ala Lys His 
370 375 380 

Asp Tyr Arg He Trp Asn Asn Gin Leu He Ser Tyr Ala Gly Tyr Lys 
385 390 395 400 

Gin Ala Asp Gly Lys He He Gly Asp Pro Met Asn Val Glu Phe Thr 
405 410 415 

Glu Val Cys Thr Lys Leu Gly Trp Lys Ser Lys Gly Ser Glu Trp Asp 
420 425 430 
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Ile Leu Pro Leu Val Val Ser Ala Asn Gly His Asp Pro Asp Tyr Phe 
435 440 445 

Asp Tyr Pro Pro Glu Leu lie lieu Glu Val Pro Leu Thr His Pro Lys 
450 455 460 

Phe Glu Trp Phe Ser Asp Leu Gly Leu Arg Trp Tyr Ala Leu Pro Ala 
465 470 475 480 

Val Ser Ser Met Leu Phe Asp Val Gly Gly lie Gin Phe Thr Ala Thr 
485 490 495 

Thr Phe Ser Gly Trp Tyr Met Ser Thr Glu He Gly Ser Arg Asn Leu 
500 505 510 

Cys Asp Thr Asn Arg Arg Asn Met Leu Glu Thr Val Ala Leu Lys Met 
515 520 525 

Gin Leu Asp Thr Arg Thr Pro Thr Ser Leu Trp Lys Asp Lys Ala Val 
530 535 540 

Val Glu Met Asn He Ala Val Leu His Ser Tyr Gin Ser Arg Asn Val 
545 550 555 560 

Thr He Val Asp His His Thr Ala Ser Glu Ser Phe Met Lys His Phe 
565 570 575 

Glu Asn Glu Ser Lys Leu Arg Asn Gly Cys Pro Ala Asp Trp He Trp 

580 585 350 

He Val Pro Pro Leu Ser Gly Ser He Thr Pro Val Phe His Gin Glu 
595 600 605 

Met Ala Leu Tyr Tyr Leu Lys Pro Ser Phe Glu Tyr Gin Asp Pro Ala 
610 615 620 

Trp Arg Thr His Val Trp Lys Lys Gly Arg Gly Glu Ser Lys Gly Lys 
625 630 635 640 

Lvs Pro Arg Arg Lys Phe Asn Phe Lys Gin He Ala Arg Ala Val Lys 
^ 645 650 655 

Phe Thr Ser Lys Leu Phe Gly Arg Ala Leu Ser Lys Arg He Lys Ala 
€60 665 670 

Thr Val Leu Tyr Ala Thr Glu Thr Gly Lys Ser Glu Gin Tyr Ala Lys 
675 680 685 

Gin Leu Cys Glu Leu Leu Gly His Ala Phe Asn Ala Gin He Tyr Cys 
690 695 700 

Met Ser Asp Tyr Asp He Ser Ser He Glu His Glu Ala Leu Leu He 
705 710 715 720 

Val Val Ala Ser Thr Phe Gly Asn Gly Asp Pro Pro Glu Asn Gly Glu 
725 730 735 

Leu Phe Ser Gin Glu Leu Tyr Ala Met Arg Val Gin Glu Ser Ser Glu 
740 745 750 

His Gly Leu Gin Asp Ser Ser He Gly Ser Ser Lys Ser Phe Met Lys 
755 760 765 
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^* t^l ^ ®^ ^« *^€> <31n Gin Val Lys 

770 775 780 

Arg lie Asp Arg Trp Asp Ser Leu Arg Gly Ser Thr Ser Asp Thr Phe 

790 795 800 

Thr Glu Glu Thr Phe Gly Pro Leu Ser Asn Val Arg Phe Ala Val Phe 
805 8X0 815 

Ala Leu Gly Ser Ser Ala Tyr Pro Asn Phe Cys Ala Phe Gly Gin Tvr 
820 825 830 

Val Asp Asn He Leu Gly Glu Leu Gly Gly Glu Arg Leu Leu Arg Val 
835 840 845 

Ala Tyr Gly Asp Glu Met Cys Gly Gin Glu Gin Ser Phe Arg Lys Trp 
850 855 860 » 

Ala Pro Glu Val Phe Lys Leu Ala Cys Glu Thr Phe Cys Leu Asp Pro 

870 875 880 

Glu Glu Ser Leu Ser Asp Ala Ser Leu Ala Leu Gin Asn Asp Ser Leu 
885 890 895 

Thr Val Asn Thr Val Arg Leu Val Pro Ser Ala Asn Lys Gly Ser Leu 
^00 905 910 

Asp Ser Ser Leu Ser Lys Tyr His Asn Lys Lys Val His Cys Cys Lys 
915 920 925 

Ala Lys Ala Lys Pro His Asn Leu Thr Arg Leu Ser Glu Gly Ala Lvs 
930 935 940 ' 

Thr Thr Met Leu Leu Glu He Cys Ala Pro Gly Leu Glu Tyr Glu Pro 

950 955 960 

Gly Asp His Val Gly He Phe Pro Ala Asn Arg Thr Glu Leu Val Asp 
965 970 975 

Gly Leu Leu Asn Arg Leu Val Gly Val Asp Asn Pro Asp Glu Val I^u 
980 985 990 

Gin Leu Gin Leu Leu Lys Glu Lys Gin Thr Ser Asn Gly lie Phe Lys 
995 1000 1005 

Cys Trp Glu Pro His Asp Lys lie Pro Pro Asp Thr Leu Arg Asn Leu 
1010 1015 1020 

Leu Ala Arg Phe Phe Asp Leu Thr Thr Pro Pro Ser Arg Gin Leu Leu 
3.025 1030 1035 1040 

Thr Leu Leu Ala Gly Phe Cys Glu Asp Thr Ala Asp Lys Glu Arg Leu 
1045 1050 1055 

Glu Leu Leu Val Asn Asp Ser Ser Ala Tyr Glu Asp Trp Arg His Trp 
1060 1065 1070 

Arg Leu Pro His Leu Leu Asp Val Leu Glu Glu Phe Pro Ser Cys Arg 
1075 1080 1085 

Pro Pro Ala Pro Leu Leu Leu Ala Gin Leu Thr Pro Leu Gin Pro Arg 
1090 1095 1100 
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Phe Tyr Ser He Ser Ser Ser Pro Arg Arg Val Ser Asp Glu He His 
1105 1110 HIS 1120 

Leu Thr Val Ala He Val I#ys Tyr Arg Cys Glu Asp Gly Gin Gly Asp 
1125 1130 1135 

Glu Arg Tyr Gly Val Cys Ser Asn Tyr I*eu Ser Gly I#eu Arg Ala Asp 
1140 1145 1150 

Asp Glu I*eu Phe Met Phe Val Arg Ser Ala Leu Gly Phe His Leu Pro 
1155 1160 1165 

Ser Asp Arg Ser Arg Pro He He Leu He Gly Pro Gly Thr Gly He 
1170 1175 1180 

Ala Pro Phe Arg Ser Phe Trp Gin Glu Phe Gin Val Leu Arg Asp Leu 
1185 1190 1195 1200 

Asp Pro Thr Ala Lys Leu Pro Lys Met Trp Leu Phe Phe Gly Cys Arg 
1205 1210 1215 

Asn Arg Asp Val Asp Leu Tyr Ala Glu Glu Lys Ala Glu Leu Gin Lys 
1220 1225 1230 

Asp Gin He Leu Asp Arg Val Phe Leu Ala Leu Ser Arg Glu Gin Ala 
• 1235 1240 1245 

He Pro Lys Thr Tyr Val Gin Asp I/eu He Glu Gin Glu Phe Asp Ser 

T>^^ 1260 

A*^w 

Leu Tyr Gin Leu He Val Gin Glu Arg Gly His He Tyr Val Cys Gly 
1265 1270 1275 1280 

Aso Val Thr Met Ala Glu His Val Tyr Gin Thr He Arg Lys Cys He 
^ 1285 1290 1295 

Ala Gly Lys Glu Gin Lys Ser Glu Ala Glu Val Glu Thr Phe Leu Leu 
1300 1305 1310 

Thr Leu Arg Asp Glu Ser Arg Tyr His Glu Asp He Phe Gly He Thr 
1315 1320 1325 

Leu Arg Thr Ala Glu He His Thr Lys Ser Arg Ala Thr Ala Arg He 
1330 1335 1340 

Arg Met Ala Ser Gin Pro 
1345 1350 

(2) INFORMATION FOR SEQ ID NO: 10: 

(i) SEQXJENCE CHARACTERISTICS: 

(A) LENGTH: 1205 amino acids 

(B) TYPE: amino acid 

( C ) STRANDEDNBSS : 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: protein 
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(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 10: 

Met Gly ABn heu Lys Ser Val Gly Gin Glu Pro Gly Pro Pro Cys Gly 
1 5 10 IS ^ 

Leu Gly I-eu Gly Leu Gly Leu Gly Leu Cys Gly Lys Gin Gly Pro Ala 
20 25 30 

Ser Pro Ala Pro Glu Pro Ser Arg Ala Pro Ala Pro Ala Thr Pro His 
35 40 45 

Ala Pro Asp His Ser Pro Ala Pro Asn Ser Pro Thr Leu Thr Arg Pro 
50 55 60 

Pro Glu Gly Pro Lys Phe Pro Arg Val Lys Asn Trp Glu Leu Gly Ser 
€5 70 75 80 

He Thr Tyr Asp Thr Leu Cys Ala Gin Ser Gin Gin Asp Gly Pro Cvs 
85 90 95 

Thr Pro Arg Arg Cys Leu Gly Ser Leu Val Leu Pro Arg Lys Leu Gin 
100 105 110 

Thr Arg Pro Ser Pro Gly Pro Pro Pro Ala Glu Gin Leu Leu Ser Gin 
115 120 125 

Ala Arg Asp Phe He Asn Gin Tyr Tyr Ser Ser He Lys Arg Ser Gly 
130 135 140 

Ser Gin Ala His Glu Glu Arg Leu Gin Glu Val Glu Ala Glu Val Ala 
"5 150 155 160 

Ser Thr Gly Thr He His Leu Arg Glu Ser Glu Leu Val Phe Gly Ala 
165 170 175 

Lys Gin Ala Trp Arg Asn Ala Pro Arg Cys Val Gly Arg He Gin Trp 
180 185 190 

Gly Lys Leu Gin Val Phe Asp Ala Arg Asp Cys Ser Ser Ala Gin Glu 
195 200 205 

Met Phe Thr Tyr He Cys Asn His He Lys Tyr Ala Thr Asn Arg Gly 
210 215 220 

Asn Leu Arg Ser Ala He Thr Val Phe Pro Gin Arg Ala Pro Gly Arg 
225 230 235 240 

Gly Asp Phe Arg He Trp Asn Ser Gin Leu Val Arg Tyr Ala Gly Tyr 
245 250 255 

Arg Gin Gin Asp Gly Ser Val Arg Gly Asp Pro Ala Asn Val Glu He 
260 265 270 

Thr Glu Leu Cys He Gin His Gly Trp Thr Pro Gly Asn Gly Arg Phe 
275 280 285 

Asp Val Leu Pro Leu Leu Leu Gin Ala Pro Asp Glu Ala Pro Glu Leu 
290 295 300 

Phe Val Leu Pro Pro Glu lieu Val Leu Glu Val Pro Leu Gly Ala Pro 
305 310 315 320 
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His Thr Gly Val Val Arg Gly Pro Gly Leu Arg Trp Tyr Ala Leu Pro 
325 330 335 

Ala Val Scr Asn Met Leu Leu Glu He Gly Gly Leu Glu Phe Ser Ala 
340 345 350 

Ala Pro Phe Ser Gly Trp Tyr Met Ser Thr Glu He Gly Thr Arg Asn 
355 360 3€5 

Leu Cys Asp Pro His Arg Tyr Asn He Leu Glu Asp Val Ala Val Cys 
370 375 380 

Met Asp Leu Asp Thr Arg Thr Thr Ser Ser Leu Trp Lys Asp Lys Ala 
385 390 395 400 

Ala Val Glu He Asn Leu Ala Val Leu His Ser Phe Gin Leu Ala Lys 
405 410 415 

val Thr He Val Asp His His Ala Ala Thr Val Ser Phe Met Lys His 
420 425 430 

Leu Asp Asn Glu Gin Lys Ala Arg Gly Gly Cys Pro Ala Asp Trp Ala 
435 440 445 

Tiro He Val Pro Pro He Tyr Gly Ser Leu Pro Pro Val Phe His Gin 
*^ 450 455 460 

Glu Met val Asn Tyr He Leu Ser Pro Ala Phe Arg Tyr Gin Pro Asp 
465 

Pro Trp Lys Gly Ser Ala Thr Lys Gly Ala Gly He Thr Arg Lys Lys 
485 490 495 

Thr Phe Lys Glu Val Ala Asn Ala Val Lys He Ser Ala Ser Leu Met 
500 505 510 

Gly Thr Leu Met Ala Lys Arg Val Lys Ala Thr He Leu Tyr Ala Ser 
515 520 525 

Glu Thr Gly Arg Ala Gin Ser Tyr Ala Gin Gin Leu Gly Arg Leu Phe 
530 535 540 

Arg Lys Ala Phe Asp Pro Arg Val Leu Cys Met Asp Glu Tyr Asp Val 
545 550 555 

val ser Leu Glu Hie Glu Ala Leu Val Leu Val Val Thr Ser Thr Phe 

565 570 ^'^ 

Gly Asn Gly Asp Pro Pro Glu Asn Gly Glu Ser Phe Ala Ala Ala Leu 
580 585 

Met Glu Met Ser Gly Pro Tyr Asn Ser Ser Pro Arg Pro Glu Gin His 

fiOQ oUS 



595 



Lys ser Tyr Lys He Arg Phe Asn Ser Val Ser Cys Ser Asp Pro Leu 

610 6^5 
val ser Ser Trp Arg Arg Lys Arg Lys Glu Ser Ser Asn Thr Asp Ser 
€25 630 635 

Ala Gly Ala Leu Gly Thr Leu Arg Phe Cys Val Phe Gly Leu Gly Ser 
645 650 
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Arg Ala Tyr Pro His Phe Cye Ala Phe Ala Arg Ala Val Asp Thr Arg 
660 665 670 

Leu Glu Glu I#eu Gly Gly Glu Arg Leu Leu Gin I«eu Gly Gin Gly Asp 
675 680 685 

Glu Leu Cys Gly Gin Glu Glu Ala Phe Arg Gly Trp Ala Lys Ala Ala 
690 695 700 

Phe Gin Ala Ser Cys Glu Thr Phe Cys Val Gly Glu Glu Ala Lys Ala 
705 710 715 720 

Ala Ala Gin Asp He Phe Ser Pro Lys Arg Ser Trp Lys Arg Gin Arg 
725 730 735 

Tyr Arg Leu Ser Ala Gin Ala Glu Gly Leu Gin Leu Leu Pro Gly Leu 
740 745 750 

He His Val His Arg Arg Lys Met Phe Gin Ala Thr Val Leu Ser Val 
755 760 765 

Glu Asn Leu Gin Ser Ser Lys Ser Thr Arg Ala Thr He Leu Val Arg 
770 775 780 

Leu Asp Thr Ala Gly Gin Glu Gly Leu Gin Tyr Gin Pro Gly Asp His 
785 790 755 800 

He Glv He Ser Ala Pro Asn Arg Pro Gly Leu Val Glu Ala Leu Leu 
805 810 815 

Ser Arg Val Glu Asp Pro Pro Pro Pro Thr Glu Ser Val Ala Val Glu 
820 825 830 

Gin Leu Glu Lys Gly Ser Pro Gly Gly Pro Pro Pro Ser Trp Val Arg 
835 840 845 

Asp Pro Arg Leu Pro Pro Cys Thr Val Arg Gin Ala Leu Thr Phe Phe 
850 855 860 

Leu Asp He Thr Ser Pro Pro Ser Pro Arg Leu X<eu Arg Leu X«eu Ser 
865 870 875 860 

Thr Leu Ala Glu Glu Pro Ser Glu Gin Gin Glu Leu Glu Thr Xieu Ser 
885 890 895 

Gin Asp Pro Arg Arg Tyr Glu Glu Trp Lys Leu Val Arg Cys Pro Thr 
900 905 910 

Leu Leu Glu Val lieu Glu Gin Phe Pro Ser Val Ala Leu Pro Ala Pro 
915 920 925 

Leu Ijeu Leu Thr Gin Leu Pro Leu Leu Gin Pro Arg Tyr Tyr Ser Val 
930 935 940 

Ser Ser Ala Pro Asn Ala His Pro Gly Glu Val His I*eu Thr Val Ala 
945 950 955 960 

Val X*eu Ala Tyr Arg Thr Gin Asp Gly Leu Gly Pro Leu His Tyr Gly 
965 970 975 

Val Cys Ser Thr Trp Leu Ser Gin Leu Lys Thr Gly Asp Pro Val Pro 
980 985 990 
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Cys Phe lie Arg Gly Ala Pro Ser Phe Arg Leu Pro Pro Asp Pro Tyr 
595 1000 1005 

Vaa Pro Cyo lie Leu Val Gly Pro Gly Thr Gly He Ala Pro Phe Arg 
1010 1015 1020 

Gly Phe Trp Gin Glu Arg Leu His Asp lie Glu Ser Lys Gly Leu Gin 
1025 1030 1035 1040 

Pro His Pro Met Thr Leu Val Phe Gly Cys Arg Cys Ser Gin Leu Asp 
1045 1050 1055 

His Leu Tyr Arg Asp Glu Val Gin Asp Ala Gin Glu Arg Gly Val Phe 
1060 1065 1070 

Gly Arg Val Leu Thr Ala Phe Ser Arg Glu Pro Asp Ser Pro Lys Thr 
1075 1080 1085 

Tyr Val Gin Asp He Leu Arg Thr Glu Leu Ala Ala Glu Val His Arg 
1090 1095 1100 

Val Leu Cys Leu Glu Arg Gly His Met Phe Val Cys Gly Asp Val Thr 
1105 1110 1115 1120 

Met Ala Thr Ser Val Leu Gin Thr Val Gin Arg He Leu Ala Thr Glu 
1125 1130 1135 

Glv Asp Met Glu I*eu Asp Glu Ala Gly Asp Val He Gly Val Leu Arg 
1140 1145 1150 

Asp Gin Gin Arg Tyr His Glu Asp He Phe Gly Leu Thr Leu Arg Thr 
1155 1160 1165 

Gin Glu Val Thr Ser Arg He Arg Thr Gin Ser Phe Ser Leu Gin Glu 
1170 1175 1180 

Aro His Leu Arg Gly Ala Val Pro Trp Ala Phe Asp Pro Pro Gly Pro 
1185 1190 1195 1200 

Asp Thr Pro Gly Pro 
1205 

(2) INFORMATION FOR SEQ ID NO: 11: 

(i) SEQUENCE CHARACTERISTICS: 

<A) LENGTH: 1429 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: protein 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 11: 

Met Glu Glu Asn Thr Phe Gly Val Gin Gin He Gin Pro Asn Val He 
1 5 10 " 

Ser val Arg Leu Phe Lys Arg Lys Val Gly Gly Leu Gly Phe Leu Val 
20 25 30 
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Lys Olu Arg Val Ser Lys Pro Pro Val lie He Ser Asp Leu He Arg 
35 40 45 

Qly Qly Ala Ala Glu Gin Ser Gly Leu He Gin Ala Qly Asp He He 
50 55 go 

Leu Ala Val Asn Asp Arg Pro Leu Val Asp Leu Ser Tyr Asp Ser Ala 
«5 70 75 eo 

Leu Glu Val Leu Arg Gly He Ala Ser Glu Thr His Val Val Leu He 
85 90 95 

Leu Arg Gly Pro Glu Gly Phe Thr Thr His Leu Glu Thr Thr Phe Thr 
100 105 110 

Gly Asp Gly Thr Pro Lys Thr He Arg Val Thr Gin Pro Leu Gly Pro 
115 120 125 

Pro Thr Lys Ala Val Asp Leu Ser His Gin Pro Ser Ala Ser Lvs Aso 
130 135 140 

Gin Ser Leu Ala Val Asp Arg Val Thr Gly Leu Gly Asn Gly Pro Gin 
"5 150 155 160 

His Ala Gin Gly His Gly Gin Gly Ala Gly Ser Val Ser Gin Ala Asn 
165 170 175 

Qly Val Al* Tie A«p Pro Thr Met Jj^s Ser Thr L"s * 
180 " ' IBS ' ' -r- - - 

Asp He Gly Glu His Asp Glu Leu Leu Lys Glu He Glu Pro Val Leu 
. 195 200 205 

Ser He Leu Asn Ser Gly Ser Lys Ala Thr Asn Arg Gly Gly Pro Ala 
210 215 220 

Lys Ala Glu Met Lys Asp Thr Gly He Gin Val Asp Arg Asp Leu Asp 
225 230 235 240 

Gly Lys Ser His Lys Ala Pro Pro Leu Gly Gly Asp Asn Asp Arg Val 
245 250 255 

Phe Asn Asp Leu Trp Gly Lys Asp Asn Val Pro Val He Leu Asn Asn 
260 265 270 

Pro Tyr Ser Glu Lys Glu Gin Ser Pro Thr Ser Gly Lys Gin Ser Pro 
275 280 285 

Thr Lys Asn Gly Ser Pro Ser Arg Cys Pro Arg Phe Leu Lys Val Lys 
290 295 300 

Asn Trp Glu Thr Asp Val Val Leu Thr Asp Thr Leu His Leu Lys Ser 
305 310 315 320 

Thr Leu Glu Thr Gly Cys Thr Glu His He Cys Met Gly Ser He Met 
325 330 335 

I*eu Pro Ser Gin His Thr Arg Lys Pro Glu Asp Val Arg Thr Lys Asp 
340 345 350 

Gin Leu Phe Pro Leu Ala Lys Glu Phe Leu Asp Gin Tyr Tyr Ser Ser 
355 360 365 
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Ile Lya Arg Phe Gly Ser Lya Ala His Met Asp Arg lieu Glu Glu Val 
370 375 380 

Asn Lvs Glu lie Glu Ser Thr Ser Thr Tyr Gin I^u Lys Asp Thr Glu 
3B5 390 395 400 

Leu He Tyr Gly Ala Lys His Ala Trp Arg Asn Ala Ser Arg Cys Val 
405 410 415 

Glv Arg He Gin Trp Ser Lys Leu Gin Val Phe Asp Ala Arg Asp Cys 
^ 420 425 430 

Tlir Thr Ala His Gly Met Phe Asn Tyr He Cys Asn His Val Lys Tyr 
435 440 445 

Ala Thr Asn Lys Gly Asn Leu Arg Ser Ala He Thr He Phe Pro Gin 
450 455 460 

Arg Thr Asp Gly Lys His Asp Phe Arg Val Trp Asn Ser Gin Leu lie 
465 470 475 480 

Arg Tyr Ala Gly Tyr Lys Gin Pro Asp Gly Ser Thr Leu Gly Asp Pro 
485 490 495 

Ala Asn Val Gin Phe Thr Glu He Cys He Gin Gin Gly Trp Lys Ala 
500 505 510 

Pro Arg Gly Arg Phe Asp Val Leu Pro Leu Leu Leu Gin Ala Asn Gly 
515 d20 525 

Asn Asp Pro Glu Leu Phe Gin He Pro Pro Glu Leu Val Leu Glu Val 
530 535 540 

Pro He Arg His Pro Lys Phe Asp Trp Phe Lys Asp Leu Gly Leu Lys 
545 550 555 SfeO 

Trp Tyr Gly Leu Pro Ala Val Ser Asn Met Leu Leu Glu He Gly Gly 
*^ 565 570 575 

Leu Glu Phe Ser Ala Cys Pro Phe Ser Gly Trp Tyr Met Gly Thr Glu 
580 585 590 

He Gly val Arg Asp Tyr Cys Asp Asn Ser Arg Tyr Asn He Leu Glu 
595 600 SOS 

Glu val Ala Lys Lys Met Asp Leu Asp Met Arg Lys Thr Ser Ser Leu 
610 615 "0 

Trp Lys ASP Gin Ala Leu Val Glu He Asn He Ala Val Leu Tyr Ser 
625 630 

Phe Gin ser Asp Lys Val Thr He Val Asp His His Ser Ala Thr Glu 



645 650 

660 



ser Phe He Lys His Met Glu Asn Glu Tyr Arg Cys Arg Gly Gly Cys 



pro Ala ASP Trp Val Trp He Val Pro Pro Met Ser Gly Ser He Thr 

675 680 
pro val Phe His Gin Glu Met Leu Asn Tyr Arg Leu Thr Pro Ser Phe 
690 
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Glu Tyr Gin Pro Asp Pro Trp Asn Thr His Val Trp Lys Gly Thr Asn 

710 715 720 

Gly Thr Pro Thr Lys Arg Arg Ala lie Gly Phe Lys Lys Leu Ala Glu 
725 730 735 

Ala Val Lys Phe Ser Ala Lys Leu Met Gly Gin Ala Met Ala Lys Aro 
740 745 750 

Val Lys Ala Thr He Leu Tyr Ala Thr Glu Thr Gly Lys Ser Gin Ala 
'^SS 760 765 

Tyr Ala Lys Thr Leu Cys Glu He Phe Lys His Ala Phe Asp Ala Lys 
770 775 780 

Ala Met Ser Met Glu Glu Tyr Asp He Val His Leu Glu His Glu Ala 
■^^5 790 795 800 

Leu Val Leu Val Val Thr Ser Thr Phe Gly Asn Gly Asp Pro Pro Glu 
805 810 815 

Asn Gly Glu Lys Phe Gly Cys Ala Leu Met Glu Met Arg His Pro Asn 
820 825 830 

Ser Val Gin Glu Glu Arg Lys Ser Tyr Lys Val Arg Phe Asn Ser Val 
835 840 845 



Ser Ser l>rr Ser As^ Ser t*»« cs-.- rsT,, 

850 ' ^ 855 860 



Arg Asp Asn Phe Glu Ser Thr Gly Pro Leu Ala Asn Val Arg Phe Ser 
865 870 875 880 

Val Phe Gly Leu Gly Ser Arg Ala Tyr Pro His Phe Cys Ala Phe Gly 
885 890 895 

His Ala Val Asp Thr Leu Leu Glu Glu Leu Gly Gly Glu Arg lie Leu 
900 905 910 

Lys Met Arg Glu Gly Asp Glu Leu Cys Gly Gin Glu Glu Ala Phe Arg 
915 920 925 

Thr Trp Ala Lys Lys Val Phe Lys Ala Ala Cys Asp Val Phe Cys Val 
930 935 940 

Gly Asp Asp Val Asn He Glu Lys Pro Asn Asn Ser Leu He Ser Asn 
945 950 955 960 

Asp Arg Ser Trp Lys Arg Asn Lys Phe Arg Leu Thr Tyr Val Ala Glu 
965 970 975 

Ala Pro Asp Leu Thr Gin Gly Leu Ser Asn Val His Lys Lys Arg Val 
980 985 990 

Ser Ala Ala Arg Leu Leu Ser Arg Gin Asn I<eu Gin Ser Pro Lys Phe 
995 1000 1005 

Ser Arg Ser Thr He Phe Val Arg Leu His Thr Asn Gly Asn Gin Glu 
1010 1015 1020 

Leu Gin Tyr Gin Pro Gly Asp His Leu Gly Val Phe Pro Gly Asn His 
1025 1030 1035 1040 
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Glu ASP Lreu Val Asn Ala Lreu lie Glu Arg Leu Glu Asp Ala Pro Pro 
^ 1045 1050 X055 

Ala Asn His Val Val Lys Val Glu Met Leu Glu Glu Arg Asn Thr Ala 
1060 1065 1070 

I^u Gly Val He Ser Asn Trp Lys Asp Glu Ser Arg Leu Pro Pro Cys 
1075 1080 1085 

Thr He Phe Gin Ala Phe Lys Tyr Tyr Leu Asp He Thr Thr Pro Pro 
1090 1095 1100 

Thr Pro Leu Gin Leu Gin Gin Phe Ala Ser Leu Ala Thr Asn Glu Lys 
1105 1110 1115 1120 

Glu Lys Gin Arg Leu Leu Val Leu Ser Lys Gly Leu Gin Glu Tyr Glu 
1125 1130 1135 

Glu Trp Lys Trp Gly Lys Asn Pro Thr Met Val Glu Val Leu Glu Glu 
1140 1145 1150 

Phe Pro Ser He Gin Met Pro Ala Thr Leu Leu Leu Thr Gin Leu Ser 
1155 1160 1165 

Leu Leu Gin Pro Arg Tyr Tyr Ser He Ser Ser Ser Pro Asp Met Tyr 
1170 1175 1180 

Pro ASP Glu Val His Leu Thr Val Ala He Val Ser Tyr His Thr Arg 
il85 H'O H?5 1200 

Asp Gly Glu Gly Pro Val His His Gly Val Cys Ser Ser Trp Leu Asn 
1205 1210 1215 

Aro He Gin Ala Asp Asp Val Val Pro Cys Phe Val Arg Gly Ala Pro 
^ 1220 1225 1230 

Ser Phe His Leu Pro Arg Asn Pro Gin Val Pro Cys He Leu Val Gly 
1235 1240 1245 

Pro Glv Thr Gly He Ala Pro Phe Arg Ser Phe Trp Gin Gin Arg Gin 
1250 1255 1260 

Phe ASP He Gin His Lys Gly Met Asn Pro Cys Pro Met Val Leu Val 
1265 1270 1275 1280 

Phe Gly Cys Arg Gin Ser Lys He Asp His He Tyr Arg Glu Glu Thr 
1285 1290 

Leu Gin Ala Lys Asn Lys Gly Val Phe Arg Glu Leu Tyr Thr Ala Tyr 
1300 1305 A^xu 

ser Arg Glu Pro Asp Arg Pro Lys Lys Tyr Val Gin Asp Val Leu Gin 
3^315 1320 

Glu Gin Leu Ala Glu Ser Val Tyr Arg Ala Leu Lys Glu Gin Gly Gly 
1330 133S 1340 

His lie Tyr Val Cys Gly Asp Val Thr Met Ala Ala Asp Val Leu Lys^ 
1345 "50 

Ala lie Gin Arg He Met Thr Gin Gin Gly^I-yB Leu Ser Glu Gl^ Asp 

1365 1370 
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Ala Qly Val Phe lie Ser Arg Leu Arg Asp Asp Asn Arg Tyr His GIu 
1380 1385 1390 

Asp lie Phe Gly Val Thr I*eu Arg Thr Tyr Glu Val Thr Asn Arg Lreu 
1395 1400 1405 

Arg Ser Glu Ser lie Ala Ptie lie Glu Glu Ser I»ys Lys Asp Ala Asp 
1410 1415 1420 

Glu Val Phe Ser Ser 
1425 

(2) INFORMATION FOR SEQ ID N0:12: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 1144 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : 

(D) TOPOIiOGY: linear 

(ii) MOLECULE TYPE: protein 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 12: 

Met Ala Cys Pro Trp Lys Phe Leu Phe Lys Val Lys Ser Tyr Gin Ser 
1 5 10 15 

Asp Leu Lys Glu Glu Lys Asp lie Asn Asn Asn Val Lys Lys Thr Pro 
20 25 30 , 

Cys Ala Val Leu Ser Pro Thr lie Gin Asp Asp Pro Lys Ser His Gin 
35 40 45 

Asn Gly Ser Pro Gin Leu Leu Thr Gly Thr Ala Gin Asn Val Pro Glu 
50 55 60 

Ser Leu Asp Lys Leu His Val Thr Ser Thr Arg Pro Gin Tyr Val Arg 
65 70 75 80 

lie Lys Asn Trp Gly Ser Gly Glu lie Ve.u His Asp Thr X<eu His His 
85 90 95 

Lys Ala Thr Ser Asp Phe Thr Cys Lys Ser Lye Ser Cys Leu Gly Ser 
100 105 110 

lie Met Asn Pro Lys Ser Leu Thr Arg Gly Pro Arg Asp Lys Pro Thr 
115 120 125 

Pro Leu Glu Glu Leu lieu Pro His Ala lie Glu Phe lie Asn Gin Tyr 
130 135 140 

Tyr Gly Ser Phe Lys Glu Ala Lys lie Glu Glu His Leu Ala Arg Leu 
145 150 155 160 

Glu Ala Val Thr Lys Glu lie Glu Thr Thr Gly Thr Tyr Gin Leu Thr 
165 170 175 

Leu Asp Glu Leu lie Phe Ala Thr Lys Mat Ala Trp Arg Asn Ala Pro 
180 185 190 
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Arg Cvrs He Gly Arg He Gin Trp Ser Asn Leu Gin Val Phe Asp Ala 
195 200 205 

Atq Asn Cys Ser Thr Ala Gin Glu Met Phe Gin His He Cys Arg His 
210 215 220 

He Leu Tyr Ala Thr Asn Asn Gly Asn He Arg Ser Ala He Thr Val 
225 230 235 240 

Phe Pro Gin Arg Ser Asp Gly Lys His Asp Phe Arg Leu Trp Asn Ser 
245 250 255 

Gin Leu He Arg Tyr Ala Gly Tyr Gin Met Pro Asp Gly Thr He Arg 
260 265 270 

Glv Asp Ala Ala Thr Leu Glu Phe Thr Gin Leu Cys He Asp Leu Gly 
275 280 285 

Trp Lys Pro Arg Tyr Gly Arg Phe Asp Val Leu Pro Leu Val Leu Gin 
290 295 300 

Ala Asp Gly Gin Asp Pro Glu Val Phe Glu He Pro Pro Asp Leu Val 
305 310 315 320 

Leu Glu Val Thr Met Glu His Pro Lys Tyr Glu Trp Phe Gin Glu Leu 
325 330 335 

Gly Leu Lys Trp Tyr Ala Leu Pro Ala Val Ala Asn Met Leu Leu Glu 
340 345 ZZO 

Val Gly Gly Leu Glu Phe Pro Ala Cys Pro Phe Asn Gly Trp Tyr Met 
355 360 365 

Gly Thr Glu He Gly Val Arg Asp Phe Cys Asp Thr Gin Arg Tyr Asn 
370 375 380 

He Leu Glu Glu Val Gly Arg Arg Met Gly Leu Glu Thr His Thr I*eu 
385 390 395 400 

Ala Ser I^u Trp Lys Asp Arg Ala Val Thr Glu He Asn Val Ala Val 
405 410 

Leu His Ser Phe Gin Lys Gin Asn Val Thr He Met Asp His His Thr 
420 425 430 

Ala Ser Glu Ser Phe Met Lys His Met Gin Asn Glu Tyr Arg Ala Arg 
435 440 445 

Gly Gly Cys Pro Ala Asp Trp He Trp Leu Val Pro Pro Val Ser Gly 
450 455 460 

Ser He Thr Pro Val Phe His Gin Glu Met Leu Asn Tyr Val Leu Ser 
465 470 475 480 

Pro Phe Tyr Tyr Tyr Gin He Glu Pro Trp Lys Thr His He Trp Gin 

Asn Glu Lys Leu Arg Pro Arg Arg Arg Glu He Arg Phe Arg Val Leu 
500 505 510 

Val Lvs Val Val Phe Phe Ala Ser Met Leu Met Arg Lys Val Met Ala 
^ 515 520 525 
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Ser Arg Val Arg Ala Thr Val l^u Phe Ala Thr Glu Thr Gly Lvs Ser 
530 535 540 

Qlu Ala teu Ala Arg Asp I-eu Ala Thr l^u Phe Ser Tyr Ala Phe Asn 

550 555 560 

Thr hya Val Val Cys Met Asp Gin Tyr Lys Ala Ser Thr Leu Glu Glu 
565 570 575 

Glu Gin Leu Leu I^u Val Val Thr Ser Thr Phe Gly Asn Gly Asp Cys 
580 585 590 

Pro Ser Asn Gly Gin Thr Leu Lys Lys Ser Leu Phe Met Leu Arg Glu 
595 600 605 

Leu Asn His Thr Phe Arg Tyr Ala Val Phe Gly Leu Gly Ser Ser Met 
CIO 615 620 

Tyr Pro Gin Phe Cys Ala Phe Ala His Asp He Asp Gin Lys Leu Ser 
"5 630 635 640 

His Leu Gly Ala Ser Gin Leu Ala Pro Thr Gly Glu Gly Asp Glu Leu 
645 650 655 

Ser Gly Gin Glu Asp Ala Phe Arg Ser Trp Ala Val Gin Thr Phe Arg 
660 665 6170 

Ala Ala Cys Glu Thr Phe Asp Val Arg Ser Lys His His He Gin He 
675 680 685 

Pro Lys Arg Phe Thr Ser Asn Ala Thr Trp Glu Pro Gin Gin Tyr Arg 
690 695 700 

Leu He Gin Ser Pro Glu Pro Leu Asp I^eu Asn Arg Ala I*eu Ser Ser 
•'OS 710 715 720 

He His Ala Lys Asn Val Phe Thr Met Arg Leu Lys Ser Gin Gin Asn 
725 730 735 

Leu Gin Ser Glu Lys Ser Ser Arg Thr Thr Leu Leu Val Gin Leu Thr 
740 745 750 

Phe Glu Gly Ser Arg Gly Pro Ser Tyr Leu Pro Gly Glu His Leu Gly 
755 760 765 

He Phe Pro Gly Asn Gin Thr Ala Leu Val Gin Gly He Leu Glu Arg 
770 775 780 

Val Val Asp Cys Pro Thr Pro His Gin Thr Val Cys Leu Glu Val I*eu 
785 790 795 800 

Asp Glu Ser Gly Ser Tyr Trp Val Lys Asp Lys Arg Leu Pro Pro Cys 
805 810 815 

Ser Leu Ser Gin Ala Leu Thr Tyr Phe Leu Asp He Thr Thr Pro Pro 
820 825 830 

Thr Gin I*eu Gin Leu His Lys Leu Ala Arg Phe Ala Thr Asp Glu Thr 
835 840 845 

Asp Arg Gin Arg Leu Glu Ala Leu Cys Gin Pro Ser Glu Tyr Asn Asp 
850 855 860 
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Trp LVB Phe Ser Asn Asn Pro Thr Phe I#eu Glu Val Leu Glu Glu Phe 
665 870 875 880 

Pro Ser Leu Hia Val Pro Ala Ala Phe Leu Leu Ser Gin Leu Pro lie 
B85 890 895 

Leu Lys Pro Arg Tyr Tyr Ser lie Ser Ser Ser Gin Asp His Thr Pro 
900 905 910 

Ser Glu Val His Leu Thr Val Ala Val Val Thr Tyr Arg Thr Arg Asp 
915 920 925 

Gly Gin Gly Pro Leu His His Gly Val Cys Ser Thr Trp lie Arg Asn 
930 935 940 

Leu Lys Pro Gin Asp Pro Val Pro Cys Phe Val Arg Ser Val Ser Gly 
945 950 955 960 

Phe Gin Leu Pro Glu Asp Pro Ser Gin Pro Cys He Leu He Gly Pro 
965 970 975 

Gly Thr Gly He Ala Pro Phe Arg Ser Phe Trp Gin Gin Arg Leu His 
980 985 990 

Asp Ser Gin His Lys Gly Leu Lys Gly Gly Arg Met Ser Leu Val Phe 
995 1000 1005 

Gly Cys Arg His Pro Glu Glu Asp His Leu Tyr Gin Glu Glu Met Gin 
ioxu lOlS 1020 

Glu Met Val Arg Lys Arg Val Leu Phe Gin Val His Thr Gly Tyr Ser 
1025 1030 1035 1040 

Arg Leu Pro Gly Lys Pro Lys Val Tyr Val Gin Asp He Leu Gin Lys 
1045 1050 1055 

Gin Leu Ala Asn Glu Val Leu Ser Val Leu His Gly Glu Gin Gly His 
1060 1065 1070 

Leu Tyr He Cys Gly Asp Val Arg Met Ala Arg Asp Val Ala Thr Thr 
1075 1080 1085 

Leu Lys Lys Leu Val Ala Thr Lys Leu Asn Leu Ser Glu Glu Gin Val 
1090 1095 1100 

Glu Aso Tyr Phe Phe Gin Leu Lys Ser Gin Lys Arg Tyr His Glu Asp 
1105 1110 1115 1120 

He Phe Gly Ala Val Phe Ser Tyr Gly Ala Lys Lys Gly Ser Ala Leu 
1125 1130 1135 

Glu Glu Pro Lys Ala Thr Arg Leu 
1140 

(2) INFORMATION FOR SEQ ID NO: 13: 

(i) SEQT3ENCE CHARACTERISTICS: 

(A) LENGTH: 20 amino acids 

(B) TYPE: amino acid 

(C) STRANDEX3NESS : 

(D) TOPOLOGY: linear 
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(ii) MOLECDLE ITPE: peptide 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 13: 

Gly Asp Pro Ala Asn Val Glu Phe Thr Glu lie Cys lie Gin Gin Gly 
1 5 10 15 

Trp Lys Pro Arg 
20 

(2) INFORMATION FOR SEQ ID NO: 14: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 20 amino acids 

(B) TVPE: amino acid 

(C) STRANDEDNESS : 

(D) TOPOIiOGY: linear 

(ii) MOLECULE TYPE: peptide 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 14: 

Gly Asp Pro Met Asn Val Glu Phe Thr Glu Thr Val Ala Leu Lys Met 
1 S 10 15 

Gin Leu Asp Thr 
20 



(2) INFORMATION FOR SEQ ID NO:15: 

(i) SEQUENCE CHARACTERISTICS: 

(A) XiENGTH: 20 amino acids 

(B) TYPE: amino acid 

( C ) STRANDEDNESS : 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: peptide 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 15: 

Cys Asp Asn Ser Arg Tyr Asn lie Leu Glu Glu Val Ala Lys Lys Met 
15 10 15 

Asp Leu Asp Met 
20 



(2) INFORMATION FOR SEQ ID NO:16: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 20 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: peptide 
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(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 16: 

Gly Afip Pro Ala Asn Val Glu Phe Thr Glu Glu Val Ala Lys Lys Met 
15 10 15 

Asp Leu Asp Met 
20 



(2) INFORMATION FOR SEQ ID NO: 17: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 57 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS : double 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic) 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 17: 
CGTCTAGATC TATGACTGAA TATGACGTAA TATGACGTAA TGGTACCAGA TCTGGCC 



(2) INFORMATION FOR SEQ ID NO: 18: 
(i) SEQUENCE CHARACTERISTICS: 

\m »*« ■ — * 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: doxible 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic) 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: IB: 
AAATGACGTA ACGGAAATGA CGTAACGGAA ATGACGTAAC G 



(2) INFORMATION FOR SEQ ID NO: 19: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 42 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: double 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic) 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 19: 
AAATGAATTA ACGGAAATGA ATTAACGC3AA ATGAATTAAC GG 



(2) INFORMATION FOR SEQ ID NO: 20: 

(i) SEQtJENCE CHARACTERISTICS: 

(A) LENCTTH: 81 base pairs 

(B) TYPE: nucleic acid 
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(C) STRAMDEDNBSS : double 

(D) TOPOLOGY; linear 

(ii) MOIiECDL£ TYPE: DNA (genomic) 

(xi) SEQUENCE DESC31IPTION: SEQ ID MO:20: 
TGCACGGGTT TTCGACGTTC ACTGGTAGTG TCTGATGAGG CCGAAAGGCC GAAACGCGAT 60 
GCCCATAACC ACCACGCTCA G on 

(2) INFORMATION FOR SEQ ID NOr21: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 100 baae pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS : double 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic) 

(xi) SEQtJENCE DESCRIPTION: SEQ ID NO: 21: 
TCGACCCACA GTTTCGGGTT TTCGAGCAAG TCTGCTAGTG TCTGATGAGG CCGAAAGGCC 60 
GAAACGCGAA GCCGTATTGC ACCACGCTCA TCGAGAAGGC 100 

(2) INFORMATION FOR SEQ ID NO: 22: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 55 baae pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: double 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic) 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 22: 
CTAGAGCTTG CAA6CATGCT TGCAAGCAAG CATGCTTGCA AGCATGCTTG CAAGC 55 

(2) INFORMATION FOR SEQ ID NO: 23: 

(i) SEQUENC E CH ARACTERISTICS: 

(A) LENGTH: 34 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: double 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic) 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 23: 
CTCTA6AGCG TACGCAAGCG TACGCAAGCG TACG 34 
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(2) INFORMATION FOR SEQ ID NO: 24: 

(i) SEQX7SNCE CHARACTERISTICS: 

(A) LENGTH: 17 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : 

(D) TOPOIiOGY: linear 

(ii) MOLECUl*E TYPE: peptide 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 24: 

Arg Lys Arg Glu lie Arg Leu Gin Lys Asn Arg Glu Ala Ala Arg Glu 
1 5 10 15 

Cys 



(2) INFORMATION FOR SEQ ID NO: 25: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 4491 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(ii) MOt*BCuX*£ TxPE: cDI^ 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 2 5: 
GAATTCCGTT TTTGAAAAGT GAAGCAATTG AGTGCGGCCC GAAAAAGAGA GCCGCAGAAA 6 0 

GTTTGCGAAC AGAATTTAAT CAAAAACTTG GAGGGTAAAT TGTCCAAGTG GTTCACCTGT 120 

TGGCTGCATT TTAAATCAAC GAGGCAAACA ATCAGCGCAG AGGAGCTGCT CCACGTTCCC 180 

CGGACAAGAT GTCGCAGCAT TTCACATCGA TATTTGAGAA CCTGCGATTC GTGACCATCA 240 

AACGTGCGAC AAATGCGCAA CAGCAACAGC AGCAGCAGCA GCAACAGCAA CTTCAGCAGC 300 

AGCAGCAGCA GCTGCAGCAA CAGAAGGCAC AGACACAGCA ACAAAATAGC AGAAAAATCA 360 

AAACTCAAGC AACGCCAACG TTGAATGGCA ATGGGCTCTT GAGCGGCAAT CCAAATGGCG 420 

GAGGCGGTGA CTCCTCGCCC AGCCATGAAG TGGACCATCC GGGTGGAGCA CAAGGAGCTC 480 

AAGCAGCAGG AGGCTTGCCA TCTTTAAGTG GCACGCCATT GAGGCACCAC AAGCGCGCCA 540 

GTATCTCCAC AGCATCGCCT CCAATTCGCG AACGGCGTGG CACCAACACC AGCATCGTGG 600 

TCGAACTGGA TGGCAGTGGC AGCGGGAGTG GGAGTGGCGG TGGTGGCGTT GGCGTTGGTC 660 

AGGGTGCGGG TTGTCCTCCC TCGGGCAGCT GCACTGCGTC CGGAAAAAGT TCGCGGGAAC 720 

TATCGCCGTC GCCGAAAAAC CAACAGCAGC CCAGAAAGAT GTCACAGGAT TATCGGTCGC 780 

GTGCCGGCAG CTTTATGCAC CTGGACGACG AGGGACGCAG TCTGCTGATG CGCAAGCCGA 840 
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TGAGACTGAA 


GAACATCGAS 


GGCAGGCCGG 


AGGTCTACGA CACGCTGCAC 


TGCAAGGGTC 


900 


QCGAGATTCT 


TTCCT6CTCQ 


AAGGCCACCT 


GTACGAGCAG 


CATTATGAAC 


ATTGGCAATG 


960 


CX5GCGGTGGA 


GGCCAGGAAA 


TCCGATCTGA 


TCCTCGAACA C6CCAASGAC 


TTCCTCGAGC 


1020 


JkGTACTTTAC 


ATCGATAAAG 


CGTACATCAT 


GTACCGCCCA 


CGAGACGCGA 


TGGAAACAGG 


1080 


TGCGCCAGA6 


CATTGAGACC 


ACTGGACACT 


ATCAGCTAAC 


CGAAACGGA6 


CTAATTTATG 


1140 


GTGCCAAATT 


GGCCTQGC6C 


AATTCTTCAC 


GTTGCATTGG 


CCGAATACAA 


TGGTCGAAGT 


1200 


TGCAG6TCTT 


TGACTGTCGT 


TATGTGACAA 


CAACAAGTGG 


CA7GTTTGAA 


GCCATTTGCA 


1260 


ATCACATTAA 


ATATGCAACA AATAAGGGCA 


ACCTGAGATC 


GGCCATCACG 


ATATTTCCAC 


1320 


AACGCACAGA 


TGCCAAGCAT 


GATTATCGCA 


TTTGGAATAA 


CCAATTAATA 


TCTTATGCCG 


1380 


GCTACAA6CA 


GGCGGATGGA 


AAAATCATTG 


GCGATCCCAT 


GAATGTGGAG 


TTTACAGAGG 


1440 


TCTGCACCAA 


GCTGGGCTGG 


AAGAGCAAGG 


GCAGCGAGTG 


GGACATACTG 


CCATTGGTGG 


1500 


TCTCGGCCAA 


TGGTCACGAT 


CCGGACTACT 


TTGATTACCC 


GCCCGAATTG 


ATACTGGAAG 


1560 


TTCCGCTGAC 


CCATCCCAAA 


TTCGAATGGT 


TCTCGGATCT 


GGGACTGCGA 


TGGTACGCCC 


1620 


TGCCCGCCGT 


ATCCAGTATG 


CTGTTCGATG 


TGGGCGGCAT 


TCAGTTTACG 


GCCACCACAT 


1680 
















GCAATAT6CT 


GGAGACX3GTG 


GCGCTGAAGA 


TGCAACTGGA 


CACCCGTACG 


CCCACATCCT 


1800 


TGTGGAAGGA 


CAAGGCTGTG 


GTGGAGATGA 


ACATTGCCGT 


GCTCCACTCC 


TACCAGAGTC 


1860 


GCAACGTGAC 


CATTGTGGAT 


CACCACACGG 


CCAGCGAGAG 


CTTTATGAAG 


CATTTCGAGA 


1920 


ACGA6TCCAA 


GCTCAGGAAT 


GGGTGTCCCG 


CTGATTGGAT 


TTGGATCGTG 


CCGCCGCTGT 


1980 


CGGGCTCCAT 


AACGCCGGTA 


TTCCATCAGG 


AGATGGCTCT 


GTACTACCTG 


AAGCCCTCGT 


2040 


TCXaAGTACCA 


GGATCCCGCC 


XGGCGAACCC 


ACGT6TGGAA 


AAASGGGCGT 


GGCGAGAGCA 


2100 


AOGOCAAQAA 


GCCAAGACGT 


AAATTCAATT 


TTAAACAAAT 


CGCTAGGGCT 


GTGAAATTTA 


2160 


CATCGAAACT 


ATTTGGACGC 


GCCTTATCGA 


AACGCATAAA 


GGCAACA6TT 


CTATATGCCA 


2220 


CCGAAACTGG 


CAAATCGGAG 


CAGTATGCGA 


AGCAACTTTG 


TGAACTCCTA 


GGGCACGCAT 


2280 


TCAATGCACA 


GATATATTGC 


ATGTCCGACT 


ACGATATATC 


CTCCATTGA6 


CACGAGGCAT 


2340 


TGTTAATTGT 


TGTGGCCTCC 


ACCTTTGGCA 


ACGGTGATCC 


CCCCGAAAAC 


GGCGAGCTTT 


2400 


TCTCCCAGGA 


ATTGTATGCG 


ATGCGTGTCC 


AGGAGTCTTC 


CGAGCATGGA 


TTGCAGGACT 


2460 


CCAGCATTGG 


CTCGTCAAAG 


TCCTTCATGA 


AGGCCAGCTC 


GCGGCAGGAG 


TTCATGAAGC 


2520 


TGCCACTGCA 


ACAGG7CAAG 


AGAATCGACC 


GATGGGACTC 


GCTGCGGGGC 


TCCACCTCGG 


2580 


ACACCTTCAC 


CGASGAGACC 


TTTGGTCCCC 


TCTCCAATGT 


CCGGTTTGCC 


Gl-riTi'GCCC 


2640 


TCGGCTCCTC 


GGCCTATCCA 


AATTTCTGCG 


CCTTCGGTCA 


GTATGTGGAC 


AACATTCTGG 


2700 
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GCGAGCTGGG CGGCGAACGC CTGCTGAGGG TGGCCTACGG CGACC3AGATG TGCGGACAGG 2760 

AGCAGTCGTT CCGGAA6TGG GCGCCCGAGG TATTCAAGTT GGCCTGCGAG ACCTTCTGCC 2820 

TGGATCCAGA GGAGAGCCTT TCGGATGCCT CGCTAGCCCT GCAGAACGAT TCGCTGACTG 2880 

TGAATACGGT OCGCCTGGTG CCGTCGGCGA ATAAGGGATC CCTGGACAGC AGTTTATCCA 2940 

AGTACCACAA CAAGAAGGTG CACTGCTGCA AGGCGAAGGC GAAGCCCCAC AATTTGACCC 3000 

GTTTGAGTGA GGGAGCCAAG ACAACGATGC TGCTGGAGAT CTGTGCACCT GGCTTGGAGT 3060 

ACGAGCCGGG TGATCATGTG GGCATCTTTC CGGCGAATCG AACGGAACTG GTCGACGGAC 3120 

TGCTAAATCG ACTGGTGGGT GTGGATAATC CCGACGAGGT GCTGCAGTTG CAATTGCTAA 3180 

AGGAAAAGCA GACATCGAAT GGTATATTCA AGTGCTGGGA GCCGCACGAC AAAATACCGC 324 O 

CGGATACTCT AAGGAATCTA CTGGCCCGAT TCTTTGATCT GACCACTCCG CCATCGCGAC 3300 

AGCTACTCAC CCTGCTGGCT GGATTCTGTG AGGACACCGC GGACAAGGAG CGGCTGGAGT 3360 



TGCTGGTCAA CGATTCGTCG 


GCCTACGAGG 


ACTGGCGGCA 


CTGGCGGCTG 


CCGCACCTGC 


3420 


TGGACGTCCT CGAGGAGTTC 


CCTTCGTGCC 


GACCACCGGC 


TCCCCTTCTG 


CTTGCCCAAC 


3480 


TAACGCCGCT GCAGCCTCGC 


TTCTATTCCA 


TTTCCTCGTC 


GCCGCGCCGC 


GTTAGTGACG 


3540 


AAATCCACCT GACGGTCGCC 






AGATGGTCAG 


Gv» T GACGA%a%. 


^ ^ A A 
^ W W W 


GGTACXraCGT GTGCTCTAAC 


TATCTATCCG 


GCTTGCGGGC 


AGACGACGAG 


CTGTTCATGT 


3660 


TCGTGAGAAG CGCCTTGGGC 


TTCCATTTGC 


CCAGCGATCG 


GAGTCGTCCC 


ATTATTCTGA 


3720 


TTGGTCCTGG CACAGGAATA 


GCTCCATTCC 


GCTCCTTTTG 


GCAGGAGTTC 


CAGGTGCTAC 


3780 


GCGACCTTGA TCCCACGGCC 


AAATTGCCCA 


AGATGTGGCT 


CTTCTTTGGC 


TGCCGGAATC 


3840 


GGGATGTGGA CriXJTACGCC 


GAGGAGAAGG 


CAGAGCTACA 


GAAGGATCAA 


ATCCTAGACC 


3900 


GAGTTTTTCT CGCTCTGTCC 


AGGGAGCAGG 


CCATTCCGAA 


GACATATGTG 


CAGGACCTGA 


3960 


TTGAGCAGGA ATTCGATTCG 


TTGTACCAGT 


TGATTGTCCA 


GGAGCGGGGC 


CACATCTACG 


4020 


TCTGCGGCGA TGTCACAATG 


GCCGAGCATG 


TGTACCAGAC 


CATCAGGAAG 


TGCATTGCCG 


4080 


GCAAAGAGCA GAAAAGCGAG 


GCGGAAGTTG 


AGACATTTTT 


GCTAACACTG 


CGGGACGAAA 


4X40 


GTCGCTACCA CGAGGACATC 


TTTGGCATCA 


CGCTGCGAAC 


GGCTGAGATA 


CACACAAAGT 


4200 


CAAGGGCCAC GGCCAGGATA 


CGAATGGCCT 


CCCAGCCCTA 


AGGATAGATA 


TTCGAAGTAA 


4260 


TCAAAATAGG AGGGTGACAT 


ATCCAAATTC 


GAGAGGAATA 


CCAAGCACTT 


GCTCTTTTTT 


4320 


TTCTTCCATA TTCAAATGCA ATTAAATATT 


GTCGCTTTGT 


TCATTACATA 


TTCGTATGAA 


4380 


TAACGTTTAA ATAAATTACA 


TTTTATTATT 


GATTCTAATG 


TACAAATCAA 


TTGTGAAATC 


4440 


AAAATCTAAA TGTTAAAATA 


TATTTCAAAT 


AAACGAATCG 


AAAAGGAATT 


C 


4491 
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CIAIMS 

What is claimed is: 

1. A method of regulating long term memory in an animal 
comprising inducing of expression of a dCREB2 gene or 

5 functional fragment thereof in the animal. 

2, The method of Claim 1 wherein the dCREB2 gene encodes 
a cyclic 3 5 ' -adenosine monophosphate responsive 
activator isoform and inducing of said gene results in 
the potentiation of long term memory. 

10 3. The method of Claim 2 wherein the activator isoform is 
dCREB2-a or an auialogue thereof. 

4. The method of Claim 2 wherein induction of the dCREB2 
gene encoding a cyclic 3 5 ' -adenosine monophosphate 
responsive activator isoform activates the production 

15 of a protein which is necessary for the formation of 

long term memory, 

5. The method of Claim 4 wherein the activator isoform is 
dCREB2-a or an analogue thereof. 

6. The method Claim 1 wherein the dCREB2 gene encodes a 
20 repressor isoform and inducing of said gene results in 

the blocking of long term memory. 

7 . The method of Claim 6 wherein the repressor isoform is 
dCREB2-b or an analogue thereof. 
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8. A method of regulating long term memory in an animal 
comprising inducing repressor and activator isoforms 
of dCREB2 wherein long term memory is potentiated in 
the animal when the net amount of functional activator 

5 (AC) is greater than zero. 

9. The method of Claim 8 wherein the repressor isoform is 
dCREB2-b or an analogue thereof and the activator 
isoform is dCREB2-a or an analogue thereof . 



10 . A method of identifying a substance capaODle of 
10 affecting long term memory in am animal comprising the 

determination that said substance alters the induction 
or activity of repressor and activator isoforms of 
dCR£B2 from normal in the animal. 

11 • A method of enhancing long term memory formation in an 
15 animal comprising increasing the level of activator 

homodimer from normal in an animal . 

12. The method of Claim 11 wherein the activator homodimer 
is a dCREB2a homodimer. 

13. A method of enhancing long-term memory formation in an 
20 animal comprising decreasing the level of activator- 

repressor heterodimer from normal in an animal . 

14 . The method of Claim 13 wherein the activator-repressor 
heterodimer is a dCREB2a-dCREB2b heterodimer. 

15. A method of enhancing long term memory formation in an 
25 animal comprising decreasing the level of repressor 

homodimer from normal in an animal. 
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16. The method of Claim 15 wherein the repressor homodimer 
is a dCREB2b homodimer. 

17. A method of identifying a substance capable of 
affecting long term memory in an cmimal comprising the 

5 determination that said sxibstance alters from normal, 

in the animal, the formation of a dimer selected from 
the group consisting of: activator homodimer, 
activator-repressor heterodimer and repressor 
homodimer . 

10 18- Isolated DNA encoding a cyclic 3' , 5' -adenosine 

monophosphate responsive tramscriptional activator. 

19. The isolated DNA of Claim 18 wherein the cyclic 3',5'- 
adenosine monophosphate responsive transcriptional 
activator is encoded by a Drosophila, dCREB2 gene. 

15 20. The isolated DNA of Claim 18 wherein the Drosophila 
dCREB2 gene codes for a dCREB2-a isoform. 

21. The isolated DNA of Claim 18 which hybridizes to DNA 
having the sequence in Figure lA {SEQ ID NO. ; 1) . 

22. The isolated DNA of Claim 18 which encodes the amino 
20 acid sequence in Figure lA (SEQ ID NO. : 2) . 

23. Isolated DNA encoding an antagonist of cyclic 3',5'- 
adenosine monophosphate -inducible transcription. 

24 . The isolated DNA of Claim 23 wherein the antagonist of 
cyclic 3' , 5' -adenosine monophosphate -inducible 

25 trauxscription is encoded by a Drosophila, dCREB2 gene 

or a functional fragment thereof. 
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25. The isolated DNA of Claim 24 wherein the Drosophila 
dCREB2 gene codes for a dCREB2-b isoform. 

26. An isolated DNA which encodes a Drosophila dCREB2 gene 
or a functional fragment thereof. 

5 27. The isolated DNA of Claim 26 wherein the Drosophila 
dCREB2 gene codes for an isoform selected from the 
group consisting of: 

a) dCREB2-a; 

b) dCREB2-b; 

10 c) dCREB2-c; and 

d) dCREB2-d. 

28. The isolated DNA of Claim 26 wherein the Drosophila 
dCREB2 gene codes for an isoform selected from the 
group consisting of: 

15 a) dCREB2-q; 

b) dCREB2-r; and 

c) dCREB2-s. 

29. Isolated DNA encoding an enhancer- specif ic activator - 

30. The isolated DNA of Claim 29 wherein the enhancer 

20 specific activator is encoded by a Drosophila dCREBl 

gene or a f tmctional fragment thereof - 

31. The isolated DNA of Claim 3 0 which hybridizes to DNA 
having the sequence in Figure 5 (SEQ ID NO. : 7) . 

32. The isolated DNA of Claim 30 which encodes the amino 
25 acid sequence in Figure 5 (SEQ ID NO. : 8) . 

33 . Isolated DNA encoding a nitric oxide synthase of 
Drosophila (DNOS) . 
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34. The DMA of Claim 33 encoding a DNOS of neuronal locus. 

35. The DNA of Claim 33 encoding a DNOS which contains 
putative heme, calmodulin, FMN, FAD and NADPH binding 
site domains. 

5 36. A method for assessing the effect of a drug on long 
term memory formation comprising: 

a) administering said drug to Drosophila; 

b) subjecting the Drosophilai to classical 
conditioning and to at least one odorant and 

^0 electrical shock; and 

c) assessing the performance index of said classical 
condi t ioning , 

wherein the effect of said drug occurs when said drug 
alters said performance index from normal. 

15 37. A method of Claim 36 wherein said drug affects long 
term memory formation by altering the induction or 
activity of repressor and activator isoforms of 
dCR£B2. 
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«TCC«C««C«GC«TC6TCC«GCa6MCCGCI«CTCGTCCCCCCC«TC66^^^^ 

6TC6TCC«TCTC6TT6CC«ftCMGC«aX6CR0CG6TCG^^^^ 

U U 0 O « « 0 0 « l»R««66GCe«. 

C6fl6GC6GCG6C6GT66TG6T««:CCCCIUKa«H:i»GC«fiC«C««CCCflW^^^ 
GC66666 H P 0 0 0 0 0 " P 0. S T • 

6CC0GC6GTCC«aCGGGTGCGflC6«fiCIWCGCCCa6CG«GGC66fi6T6TCCT«^^ 

ftGGPTG«TH«RO.*®®'' 

|*CC«CCHCC6CC.«CTGCfl«CflT«C««T«CCCC«TC«G«C6CTG6^^ 




TCCCeGCC«G««6TG6CT«C^^^^ 

t#»»^^^*««^^ i S 0 I 0. « H P S 
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GAATTCCUl 1 11 igaaaagtgaagcaattgagtgcggccx:gaaaaagagagccgca 

GAAAGTTTGCGAACAGAATTTAATCAAAAACITGGAGGGTAAATrGTCCAAGTGG^ 

TCACCTGTTGGCTGCATTTTAAATCAACGAGGO^AACAATCAGCGCA 

CTCCACGTlXXCCGGACAAGATGTCXKrAGCATTrcACATCGATATT^ 

GATTCGTGACCATXIAAACXnXKIGACAAATGCXSCAACAGCAACAGCAGCAGCAGCAG 

CAACAGCAACTFCAGCAGCAGCAGCAGCAGCrGCAGCAACAGAAGGCACAGACAC 

AGCAAC\AAATAGCAGAAAAATCAAAACTCAAGCAACGCCAACGT^ 

GGGCnOTGAGCGGCAATCCAAATGGCXKSAGGCGGTGACTCCTOjCCCAGCX:^ 

AGTGGACCATXXGGGTGGAGCACAAGGAGCTCAAGCAGCAGGAGGCrrGCCATCTT 

TAAGTGGCACGCCATrGAGGCACCACAAGCGCGCXAGTATCrCCACAGCATCGCCTC 

CAATTCGCGAACGGCGTGGCACCAACACXL\GCATCGTGGTCGAACTGGATGGCAGT 

GGCAGCGGGAGTGGGAGTGGCGGTGGTGGCGTTGGCGTTGGTCAGGGTGCGGGTTG 

TCCTCCCTCGGGCAGCTGCACrGCGTCCXXjAAAAAGTItXKXKKjAACrAT 

GCCGAAAAACCAACAGCAGCCCAGAAAGATGTCACAGGATTATCGGTCGCGTGOCG 

GCAGCTTTATGCACCTGGACXJACGAGGGACXjCAGTCrGCrGATGCGCAAGCCGATG 

AGACTGAAG AACAT CGAGGGCAGGCCGGAGGTCTACGACACGCrGCACrGCAAGGG 

TCXX:GAGATTCTITCXrrGCrCGAAGGCCACCnjrACGAGCAGCATTATGAAQ\TTC^ 

GAATGCGGCGGTGGAGGCCAGGAAATCCGATCTGATCCTCGAACACXSCCAAGGACT 

TCCrCGAGGACTACTTTACATCGATAAAGCGTACATCATGTACCGOCCACGAGACGC 

GATGGAAACAGGTGCGCCAGAGCATTGAGACXL\CrGGACACTATCAGCTAACCGAA 

ACXKjAGCTAATTTATGGTGCCAAATTGGCCTGGCGCAATTCTrCACGTTG^ 

CGAAT ACAA TGGTCGAAGTTGCAGGTCTTTGACrGTCGTTATGTGACAACAACAAGT 

GGCATGTTTGAAGCCATTKSCAATCACATTAAATATGCAACAAATAAGGGCAACCrG 

AGATCGGCCATCACGATATTTCCACAACGCACAGATGCCAAGCATGATrATCGCATT 

TGGAATAACCAATTAATATCTTATGCCGGCTACAAGCAGGCGGATGGAAAAATCAT 

TGGCGATCCCATGAATGTGGAGTTTACAGAGGTCTOCACCAAGCrGGGCTGGAAGA 

GCAAGGG CAGCG AgrGGGACATACIGCCATTGGTGGTCTCGGCCAATGGTCATO 

CCGGACTACTTTGATTACCCCKJWiXiAAlTXiATAC-lUOAAGTTCCGCTGACCCA 

AAATrCGAATGGTTCTCGGATCTGGGACTGCGATGGTACGCCCTGCCCGCCGTATCC 

AGTATGCrGTTCGATCTGGGCGGCATTCAGnTACGGCCACCACATTCAGTGGTrGG 

TACATGTCGACAGAGATTGGCAGCCGGAATrTATGCGACACAAATCGCCGCAATAT 

GCTGGAGACGGTGGCGCTGAAGATGCAACTGGACACCCGTACGCCCACATCCTTGT 

GGAAGGACAAGGCrGTGGTGGAGATGAACAITGCCGTGCTCCACTCCTACCAGAGT 

CGCAACGTGACCATTGTGGATCACCACACGGCCAGCGAGAGCrrTATGAAGCATTTC 

GAGAACGAGTCCAAGCrCAGGAATGGGTGTCCCGCTGATTGGATTTGGATCGTGCC 

GCCGCTGTCGGGCrCCATAACGCCGGTATTCCATCAGGAGATGGCTCTGTACTACCT 

GAAGCCCTCGTTCGAGTACCAGGATCCCGCCTGGCGAACCCACGTGTGGAAAAAGG 

GGCGTGGCGAGAGCAAGGGCAAGAAGCCAAGACGTAAATTCAATTrrAAACAAATC 

GCTAGGGCTGTGAAATTTACATCGAAACTATrTGGACGCGCCTTATCGAAACGCATA 

AAGGCAACAGTTCTATATGCCACCGAAACTGGCAAATCXKjAGCAGTATGCGAAGCA 

ACTITGTGAACTCCTAGGGCACGCATTCAATGCACAGATATATTGCATGTCCGACTA 

CGATATATCO'CCATTGAGO\CGAGGCATrGTTAATTGTTGTGGCCTCCACCTrTGGC 

AACGGTGATCCCCCCGAAAACGGCXSAGCirilCTCCCAGGAATTCTATGCGATGCXjr 

GTCCAGGAGTCrrCCGAGCATGGATTGCAGGACTCCAGCATTGGCrCGTCAAAGTCC 

TTCATGAAGGCCAGCTCGCGGCAGGAGTTCATGAAGCTGCCACTGCAACAGGTGAA 

GAGAATCGACCGATGGGACrCGCTGCGGGGCrCCACCrCGGACACCTTCACCGAGG 

AGACCTTTGGTCCCCTCrCCAATGTCCGGTrrGCC GlIlliG CCCTCGGCrCCTCGGC 

CTATCCAAATTTCTGCGCCrT<:XKjTCAGTATGTGGACAACATTCIX3GGCGAGCTGGG 

CGGCGAACGCCTGCrGAGGGTGGCCTACGGCGACGAGATGTGCGGACAGGAGCAGT 

CGTrCCGGAAGTGGGCGCCCGAGGTATrCAAGTTGGCCrGCGAGACCTTCTGCCTGG 

ATCCAGAGGAGAGCCITTCGGATGCCTCGCTAGCCCrGCAGAACGATTCGCTGACTG 

TGAATACGGTGCGCCTGGTGCCGTCGGCGAATAAGGGATCCCTGGACAGCAGTTTAT 

CCAAGTACCACAACAAGAAGGTGCACTGCTGCAAGGCGAAGGCGAAGCCCCACAAT 

TTGACCCGnTGAGTGAGGGAGCCAAGACAACGATGCTGCTGGAGATCTGTGCACCT 
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CLONING AND CHARACTERIZING OF GENES 
ASSOCIATED WITH LONG-TERM MEMORY 

5 Activation of the cyclic 3' , 5' -adenosine monophosphate 

(cAMP) signal trauisduction pathway can have long- lasting 
global consequences through its influence on the expression 
of specific genes. This is true for simple organisms as 
well as mammals, where many of the known cAMP- responsive 
10 genes can have important neural and endocrine roles. 

Additional infozrmation regarding activation of this pathway 
would be useful, particularly as this activation pertains 
to the ability of cuximals to remember activities or events. 

Summary of the Invention 

15 The present invention is based on Applicants' 

discovery of the dCREBl and dCREB2 genes. The present 
invention is further based on Applicants' discovery that 
the DrosophilsL CREB2 gene codes for proteins of opposite 
functions. One isoform (e-g-, dCREB2-a) encodes a cyclic 

20 3 ' , 5' -adenosine monophosphate (cAMP) -responsive 

trcUiscriptional activator. Another isoform (e.g., dCREB2- 
b) codes for an antagonist which blocks the activity of the 
activator. 

When the blocking form is placed \inder the control of 
25 the heat -shock promoter, and transgenic flies are made, a 
brief shift in temperature induces the synthesis of the 
blocker in the transgenic fly. This induction of the 
blocker (also referred to herein as the repressor) 
specifically disrupts long-term, protein synthesis 
30 dependent memory of an odor- avoidance behavioral paradigm. 
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As a result of Applicants' discovery, a method is 
herein provided to regulate long term memory in an animal. 
The method of regulating long term memory described herein 
comprises inducing expression of a dCREB2 gene or a 
5 fragment thereof in the animal. 

The dCREB2 gene encodes several isoforms. Examples of 
an isoform encoded by the dCREB2 gene are dCREB2-a, dCREB2- 
b, dCREB2-c, dC:REB2-d, dCREB2-q, dCREB2-r and dCREB2-s. 

The isoforms encoded by the dCREB2 gene include cAMP- 
10 responsive activator isoforms and antagonistic blocker (or 
repressor) isoforms of the activator isoforms. Cyclic AMP 
responsive activator isoforms can function as a cAMP- 
responsive activator of transcription. Antagonistic 
repressors can act as a blocker of activators. An example 
15 of a cAMP- responsive activator isoform is dCREB2-a, An 

example of an antagonistic? repressor (or blocker) iaofo'™ 
is dCREB2-b. The terms blocker and repressor are used 
interchangeably herein. 

In one embodiment of the invention, the dCREB-2 gene 
20 encodes a cAMP- responsive activator isoform and inducing 
said gene results in the potentiation of long term memory. 

Alternatively, inducing the dCREB2 gene encoding a 
cAMP- responsive activator isoform activates the production 
of a protein which is necessary for the formation of long 
25 term memory. 

In another embodiment of the invention, the dCREB2 
gene encodes a repressor isoform and inducing said gene 
results in the blocking of long term memory. 

A further embodiment of the invention relates to a 
30 method of regulating long term memory in an animal 

comprising inducing repressor and activator isoforms of 
dCREB2 wherein long term memory is potentiated in the 
animal when the net amount of functional activator (AC) is 
greater than zero. 
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The invention also relates to a method of identifying 
a siibstance capable of affecting long term memory in an 
animal comprising the determination that said siibstance 
alters the induction or activity of repressor and activator 
5 isoforms of dCREB2 from normal in the animal. 

As referred to herein, an activator isoform includes 
dCREB2*a and functional fragments thereof and a repressor 
isoform includes dCREB2-b and functional fragments thereof. 

Other embodiments of the invention relate to a method 
10 of enhancing long term memoiry formation in an animal 

comprising increasing the level of activator homodimer from 
normal, decreasing the level of activator-repressor 
heterodimer from normal, or decreasing the level of 
repressor homodimer from normal in the euiimal . 
15 Still another embodiment of the invention relates to a 

'-I a ^ -a ^^^..^ . w««....^ ^ 1 

IIICUAAI^U V^A. J.UCAAW^^y ^AA^ Ci BUW9W«»AAW.^ W»^Ckh/^iS ^w**^ 

term memory in an animal comprising the determination that 
said siibstance alters activator homodimer, activator- 
repressor heterodimer and/or repressor homodimer formation 

20 from normal in the animal. 

As referred to herein, an activator homodimer includes 
the dCREB2a homodimer, an activator-repressor heterodimer 
includes the dC3lEB2a-dC3lEB2b heterodimer, and a repressor 
homodimer includes the dCREB2b homodimer. 

25 A further embodiment of the invention relates to 

isolated DNA encoding a cAMP responsive transcriptional 
activator. Such a cAMP responsive transcriptional 
activator can be encoded by a Droeophlla dCREB2 gene or by 
homologues or fiinctional fragments thereof- For example, a 

30 cAMP responsive transcriptional activator can be encoded by 
the dCREB2 gene which codes for dC3lEB2-a or by a gene 
encoded by the sequences presented herein. 

Still another embodiment of the invention relates to 
isolated DNA encoding an antagonist of cAMP- inducible 

35 transcription. Such an antagonist of cAMP- inducible 
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tramscription can be encoded by a Drosophila dCREB2 gene or 
by homologues or functional fragments thereof . For 
example, an antagonist of cAMP- inducible tramscription ccun 
be encoded by the dCREB2 gene which codes for dCREB2-b, 
5 Another embodiment of the invention relates to 

isolated DNA (SEQ ID NO. : 25) which encodes a Drosophila 
dCREB2 gene or functional fragments thereof. 

A further embodiment of the invention relates to 
isolated DNA encoding an enhancer-specific activator. Such 

10 an enhancer- specif ic activator can be encoded by a 

Drosophila dCREBl gene or by homologues or functional 
fragments thereof . 

Another embodiment of the invention relates to 
isolated DNA encoding a nitric oxide synthase of Drosophila. 

15 (DNOS) . Such DNA can encode a DNOS of neuronal locus. The 
DNOS encoded can contain.- for example, putative heme, 
calmodulin, flavin mononucleotide (FMN) , flavin adenine 
dinucleotide (FAD) and nicotinamide adenine dinucleotide 
phosphate, in its reduced form, (NADPH) binding site 

20 domains . 

A further embodiment of the invention relates to a 
method for assessing the effect of a drug on long term 
memory formation comprising administering the drug to 
DroBophila, subjecting the Drosophila to classical 
25 conditioning to at least one odorant and electrical shock, 
and assessing the performance index of the classical 
conditioning, wherein the effect of the drug occurs when it 
alters the performance index from normal. The drug can 
affect long term memory formation by, for example, altering 
30 the induction or activity of repressor and activator 
isoforms of dCREB2 . 

A still further embodiment of the invention relates to 
the assessment that an animal will have an enhanced or, 
alternatively, a diminished capability of possessing long 
35 term memory. This assessment can be performed by 
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determining the amount of cAMP- responsive activator 
isoforms, cAMP- responsive repressor or blocker isoforms, or 
diraers of these isoforms that are present in the animal, 
where these isoforms are encoded by the CREB2 or a 
5 homologous gene. Enhanced capability of possessing long 
term memory will be more likely as the amount of activator 
exceeds the amount of repressor, i.e. in direct proportion 
to the size of the net amount of functional activator (AC) 
when this qustntity is greater than zero. Conversely, 

10 diminished capability of processing long term memory will 
be more likely as the amount of repressor exceeds the 
amoimt of activator, i.e. in direct proportion to the size 
of the net amount of functional activator (AC) when this 
quantity is less than zero. 

15 Another embodiment of the invention relates to a 

^^^i^g sssuy of pharuiac^UuxCeil a^^uus exixiancers of 
long term memory or as obstructors of long term memory in 
animals. The screening assay is performed by determining 
the change in the amoxant of cAMP- responsive activator 

20 isoforms, cAMP- responsive repressor or blocker isoforms, or 
dimers of these isoforms that is present in an animal or, 
more preferably, in a cell culture system or in Drosophila. 
when the pharmaceutical agent is present, in comparison to 
when the pharmaceutical agent is not present, where these 

25 isoforms are encoded by the CREB2 or a homologous gene. 

Enhcuicers of long term memory cause a net increase in the 
amount of activator isoforms relative to the amount of 
repressor isoforms, i.e. an increase in the net amotint of 
fxinctional activator (AC) . Obstructors of long tenn memory 

30 cause a net decrease in the amount of activator isoforms 
relative to the amount of repressor isoforms, i.e. a 
decrease in the net amovmt of functional activator (AC) . 
The pharmaceutical agent can cause these changes by acting, 
for example, to alter the expression (trauiscription or 

35 translation) of the respective activator and/or repressor 
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isoforms from the CREB2 or a homologous gene, to alter the 
formation of activator homodimers, activator- repressor 
heterodimers and/or repressor homodimers from the expressed 
isoforms, or to alter the interaction of one or more of 
5 these isoform or dimer types at their molecular targets. 
The long term memory activator isof orm/repressor isoform 
system herein disclosed provides a unique platform for 
conducting such screening assays. 

A further embodiment of the invention relates to an 
10 assay of pharmaceutical agents for their property as 

facilitators or hinderers of long term memory in animals. 
The assay is performed by administering the pharmaceutical 
agent to Drosophila prior to subjecting the Drosophila to a 
Pavlovian olfactory learning regimen. This regimen 
15 assesses the long term memory capabilities of the 

u,-7« K„ aitHTActino the flies to a massed and/or a 

spaced training schedule. Transgenic lines of these flies 
containing altered dCREB2 genes can be used to further 
elucidate the long term memory facilitation or hindering 
20 property of the pharmaceutical agent. The assay provides 
data regarding the acquisition of long term memory by the 
Drosophila after exposure to the pharmaceutical agent. 
These data are compared to long term memory acquisition 
data from Drosophila that have not been exposed to the 
25 pharmaceutical agent. If the exposed flies display faster 
or better retained long term memory acquisition than the 
unexposed flies, the pharmaceutical agent can be considered 
to be a facilitator of long term memory. Conversely, if 
the exposed flies display slower or less retained long term 
30 memory acquisition than the unexposed flies, the 

pharmaceutical agent can be considered to be a hinderer of 
long term memory. Since the genetic locus for this long 
term memory assay in Drosophila resides in the dCREB2 gene, 
the results from this assay can be directly applied to 
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other animals that have homologous genetic loci (CREB2 or 
CREM genes) . 

Brief Description of the Drawlngfl 

Figxire lA depicts the DNA sequence (SEQ ID NO. : 1) and 
5 predicted amino acid sequence (SEQ ID NO. : 2) of the 
dCREB2'3i coding region. The basic region and leucine 
zipper domains are indicated by solid and broken bold 
underlining, respectively; positively- charged residues in 
the basic region are circled; periodic leucines in the 
10 zipper motif are boxed; glut amines in the activation domain 
are xinderlined; the short amino acid motif with target 
sites for kinases, starting at residue 227, is indicated by 
a bold outline; and sequences specified by alternatively- 
spliced exons 2, 4 and 6 are shaded. 

domains of dCREB2 (SEQ ID NO. : 3), mammalian CREB (SEQ ID 
NO.: 4), CREM (SEQ ID NO.: 5) and ATF-1 (SEQ ID NO.: 6). 
Differences between dCREB2 and CREB are boxed. 

Figure 2 is a schematic diagram of dCREB2 isof orms 
20 with the exon boundaries defined with respect to dCREB2-a. 
Diacrram is not drawn to scale. 

Figure 3 is a bar graph representation of results 
showing pKA- responsive transcriptional activation by 
dC!R£B2-a. 

25 Figure 4 is a bar graph representation of results 

showing the transcriptional effect of dCR£B2-Jb and a mutant 
variant on pKA- responsive activation by dCR£B2-a. 

Figure 5 depicts the DNA sequence (SEQ ID NO. : 7) and 
predicted amino acid sequence (SEQ ID NO.: 8) of the dC-REBI 

30 coding region. The basic region and leucine zipper domains 
are indicated by solid and broken bold underlining, 
respectively; positively-charged residues in the basic 
region are circled; periodic leucines of the zipper motif 
are boxed; and in the acid-rich region of the activation 
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domain, negatively- charged amino acids are underlined and 
proline residues are indicated by diamonds. 

Figure 6 is a bar graph representation of results 
showing transcriptional activation of a C3^ reporter gene 
5 by dCREBl in Drosophilsi Schneider L2 cell culture. 

Figure 7A is a photomicrograph of a Northern blot 
depicting the effect of heat shock induction on dCREB2-b 
expression: wt = wildtype flies; CREB = 17-2 transgenic 
flies; lanes 1-2: no heat shock; lanes 2-3: immediately 
10 after heat shock; lanes 5-6: three hours after heat shock. 

Figure 7B is a photograph of a Western blot depicting 
the effect of heat shock induction on dCREB2-b protein 
production: wt = wildtype flies; CREB = 17-2 transgenic 
flies; lanes 1-2: no heat shock; lanes 2-3: immediately 
15 after heat shock; lanes 5-6: one hour after heat shock; 
lanes 7-8: three hours after heat shock; lanes 9-10: 9 
hours after heat shock; lanes 11-12: 24 hours after heat 
shock . 

Figure 7C is a photograph of a Western blot depicting 
20 the effect of heat shock induction on dCREB2 and dCREB2-mLZ 
(a mutated dCREB2-b) protein production: wt = 17-2 
transgenic flies (expressing wildtype blocker, dCREB2-b) ; m 
= A2-2 transgenic flies (expressing mutant blocker, dCREB2- 
mliZ) ; lanes 1-2: no heat shock; lanes 3-4: immediately 
25 after heat shock; lanes 5-6: three hours after heat shock; 
lanes 7-8: six hours after heat shock. 

Figure 8 is a bar graph representation of results 
showing the effect of cycloheximide (CXM) feeding, before 
■ or after spaced or massed training, on one -day memory 
30 retention: stripped bars - +CXM; hatched bars = -CXM. 

Figure 9A is a bar graph representation of results 
showing the effect of heat shock induction on one-day 
memory retention in wildtype (Can-S) flies and h8'dCREB2'b 
transgenic (17-2) flies given spaced or massed training: 
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hatched bars - wildtype (Can-S) flies; stripped bars: hs- 
dCREB2'b transgenic (17-2) flies; hs = heat shock. 

Figure 9B is a bar graph representation of results 
showing the effect of heat shock induction on one -day 
5 memory retention in wildtype (Can-S) flies or he-dCRBB2-b 
transgenic (Mll-l) flies given spaced or massed training: 
hatched bars » wildtype (Can-S) flies; stripped bars: hs- 
dCREB2'b transgenic (Mll-l) flies; hs = heat shock. 

Figure 9C is a bar graph representation of results 
10 showing the effect of heat shock induction on learning in 
wildtype (Can-S) flies and hB-dCREB2-b tremsgenic (17-2) 
flies given spaced or massed training: hatched bars = 
wildtype (Can-S) flies; stripped bars: h3-dCREB2-b 
transgenic (17-2) flies; hs = heat shock. 
15 Figure 10 is a bar graph representation of results 

showing the effect of heat shock induct i 

memory retention in wildtype [wdsoCJl)] flies, h3'dCREB2-b 
transgenic (17-2) flies, and mutant hs-dCREB2-inLZ 
transgenic (A2-2) flies given spaced training: hatched bars 

20 « wildtype [w(isoCJl)J flies; stripped bars = h3'dCREB2'b 
transgenic (17-2) flies; white bars = mutant h8-dCREB2'inLZ 
transgenic (A2-2) flies; hs «= heat shock • 

Figure 11 is a bar graph representation of results 
showing the effect of. heat shock induction on seven-day 

25 memory retention (long term memory) in wildtype (Can-S) 

flies and h8'dCREB2'b transgenic (17-2) flies given spaced 
training: hatched bars = wildtype (Ccui-S) flies; stripped 
bars «= ha~dCREB2'h transgenic (17-2) flies; hs = heat 
shock . 

3 0 Figure 12 is a bar graph representation of results 

showing the effect of heat shock induction on one -day 
memory retention in hB*dCREB2'b transgenic (17-2) flies, 
radish mutant flies, and radish h8-dCREB2'b doxible mutant 
(rsh/17-2) flies given spaced training: hs « heat shock; 

35 hatched bars « -hs; stripped bars » +hs. 
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Pigure 13A is a graphic representation of results 
showing the effect of repeated training sessions on seven- 
day memory retention (long term memory) in wildtype (Can-S) 
flies with long term memory as a function of the number of 
5 training sessions indicated by open circles and a negative 
accelerating exponential Gompertz (growth) function fit to 
the individual performance indexes (Pis) using a: nonlinear 
iterative least squares method indicated by the solid line. 
Figure 13B is a graphic representation of results 

10 showing the effect of the rest interval between each 

training session on seven-day memory retention (long term 
memory) in wildtype (Can-S) flies with long term memory as 
a function of the rest interval indicated by open circles 
and a negative accelerating exponential Gompertz (growth) 

15 function fit to the individual performance indexes (Pis) 

using a nonlinear iterative least squares method indicated 

by the solid line. 

Figure 14 depicts a conceptual model of a molecular 
switch for the formation of long term memory based on 
20 differential regulation of CREB isoforms with opposing 
fxinctions with AC indicating the net effect of CREB 
activators. 

Figure 15A is a bar graph representation of results 
showing the effect of 48 massed training sessions (48x 
25 massed) or 10 spaced training sessions with a 15 -minute 

rest interval (lOx spaced) on seven-day memory retention in 
wildtype (Can-S) flies. 

Figure 15B is a bar graph representation of results 
showing the effect of one (Ix) , two (2x) or ten (lOx) 
massed training sessions, three hours after heat-shoc)c 
induction of the transgene (induced) or in the absence of 
heat-shock (uninduced) , on seven-day memory retention in 
wildtype (Can-S) flies. hBp-dCREB2-a transgenic (C28) 
flies, and hsp-dCREB2-si transgenic [C30) flies: black bars 
35 = wildtype (Can-S) flies; stripped bars = h8p-dCREB2-a 



30 
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transgenic (C28) flies; and white bars « hsp'dCREB2-a 
transgenic (C30) flies. 

Figure 15C is a bar graph representation of results 
showing responses three hours after heat shock in wildtype 
5 (Can-S) flies and h8p'dCREB2'SL transgenic {C28) flies to 
odors, either octanol {OCr£) or methyl cyclohexanol (MCH) , or 
to shock (60 V DC): black bars wildtype (Can-S) flies; 
stripped bars = h8p-dCREB2'aL transgenic (C28) flies. 

Figure 16A-16C depict the deduced amino acid sequences 

10 of DNOS and mammalian NOSs with amino acid numbering 

starting at the first methionine in each open reading frame 
(ORF) , putative binding domains for cofactors (overlined) 
demarcated as in previously published reports on mammalian 
NOSs, and amino acids which have been proposed as contacts 

15 with FAD and NADPH based on crystal structure of the 

ferrodoxin NADP* reductase (Karplua. p = A , Science, 252: 
60-66 (1991)) conserved at equivalent positions (bullet 
points) : DNOS, DrosophilsL NOS (SEQ ID NO. : 9); RNNOS, rat 
neuronal NOS (SEQ ID NO.: 10); BENOS, bovine endothelial 

20 NOS (SEQ ID NO.: 11); MMNOS, mouse macrophage NOS (SEQ ID 
NO. : 12) . Sequence alignment and secondary structure 
predictions were performed by Geneworks 2.3 
(IntelliGenetics) . 

Figure 16D is a schematic diagram of the domain 

25 structure of DroaophilsL and mammalian NOS proteins with the 
proposed cof actor-binding sites for heme (H) , calmodulin 
(CaM) , flavin mononucleotide (FMN) , flavin adenine 
dinucleotide (FAD) , nicotinamide adenine dinucleotide 
phosphate (NADPH) and the glutamine-rich domain (Q) in DNOS 

30 shown. 

Figure 17A is a photograph of a Western blot showing 
DNOS expression in 293 human embryonic kidney cells. 

Figure 17B is a bar graph representation of results 
showing DNOS enzyme activity measured in 293 human 
35 embryonic kidney cell extracts by conversion of ^H-L- 
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arginine to ^H-L-citrulline : in the presence of exogenous 
Ca^* or calmodulin (group B) ; in the presence of 1 tnM EGTA 
without exogenous Ca^"^ or calmodulin (group C) ; in the 
presence of 100 mM L-NAME with exogenous Ca'* or calmodulin 

5 {group D) • 

Figure 18A is a photomicrograph of a Northern blot 
showing a 5 . 0 kb dNOS transcipt present in Drosophlla 
heads: H = head; B = body- 

Figure 18B is a photograph of an agarose gel stained 
10 with ethidium bromide showing the expression by the dNOS 
gene of two alternatively spliced mRNA species with the 
arrows indicating the positions of the DNA fragments of the 
expected sizes: the 444 bp long-form fragment and the 129 
bp short-form fragment. The other bands present in the 
15 lane are artifacts from heteroduplexes that failed to 
den^*^^^®- ^ ^ size markers. 

Figure 18C depicts the alignment of the deduced amino 
acid sequence of two protein isoforms of DNOS and mouse 
neuronal NOS : top part shows the relation between two 
20 conceptual Drosophlla NOS proteins, DNOS-1 (amino acid 

residues 408-427 and 513-532 of SEQ ID NO.: 9) and DNOS-2 
(SEQ ID NO. : 14), corresponding to the longer and shorter 
RT-PCR products, respectively; the bottom part shows the 
relationship between the relevant regions of two protein 
25 isoforms of the mouse neuronal NOS, n-NOS-1 (amino acid 
residues 494-513 and 599-618; SEQ ID NO.: 13 and SEQ ID 
NO,: 15, respectively) and n-NOS-2 (SEQ ID NO.: 16); and 
the numbers indicate the positions of the amino acid 
residues relative to the first methionine in the respective 
30 OFRs. 

Figure 19A-19B depicts the nucleotide sequence (SEQ 11 
NO.: 25) of a dNOS cDNA encoding the DNOS protein. The 
open reading frame of 4050 bp starts at nucleotide 189 and 
ends at nucleotide 4248. 
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Detailed Description of the Inventiion 

J^plicants have cloned and characterized two genes, 
designated dCREB2 and dCREBl, isolated through a DNA- 
binding expression screen of a DroaophilcL head cDNA library 
5 in which a probe containing three cAMP- responsive element 
(CRE) sites was used. 

The dCREB2 gene codes for the first known cAMP- 
dependent protein kinase (PKA) responsive CREB/ATF 
transcriptional activator in DroBophila. A protein data 

10 base search showed mammalian CREB, CREM and ATF-l gene 
products as homologous to dCREB2. For these reasons, 
dCREB2 is considered to be a member, not only of the 
CREB/ATF family, but of the specific cAMP- responsive 
CREB/CREM/ATF-1 subfamily. It is reasonable to expect that 

15 dCREB2 is involved in Drosophila, processes which are 

responsive transcriptional activation in other animal 
systems , 

Applicants have shown that the dCREB2 transcript 

20 undergoes alternative splicing. Splice products of dCREB2 
were found to fall into two broad categories: one class of 
transcripts (dCREB2-a, -Jb, -c, -d) which employs 
alternative splicing of exons 2, 4 and 6 to produce 
isoforms whose protein products all have the bZIP domains 

25 attached to different versions of the activation domain and 
a second class of transcripts (dCR£B2-g, -r, -s) which have 
splice sites which result in in- frame stop codons at 
various positions upstream of the bZIP domain. These all 
predict truncated activation domains without dimerization 

30 or DNA binary activity. 

dCREB2'a, -b, -c and -d are splice forms that predict 
variants of the activation domain attached to a common 
basic region- leucine zipper. These alternative splice 
forms result in seemingly minor changes in the size and 

35 spacing of parts of the activation domain. Nevertheless, 
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alternative splicing of the activation domain has profoiind 
effects on the fiinctional properties of dCREB2 products. 
Isofonn dCREB2-a produces a PKA-responsive transcriptional 
activator in cell culture, whereas dCREB2-b, lacking exons 
2 and 6, produces a specific antagonist. This dCREB2 
splicing pattern (and its fiznctional consequences) is 
virtually identical to that seen in the CREM gene. 
Similarly located, alternatively-spliced exons in the CREM 
gene determine whether a particular isoform is an activator 
or an antagonist (deGroot, R.P. and P. Sassone-Corsi, Mol . 
Endocrinol., 7: 145-153 (1993); Foulkes, N.S. et al . , 
Nature, 355: 80-84 (1992)). 

The edsility of the phosphorylation domain (KID domain) 
to activate in trans other constitutive transcription 
15 factors which are bound nearby could potentially transform 
a CP-EM antagonist (which contains the KID domain but is 
lacking an exon needed for activation) into a cAMP- 
responsive activator. Since the modular organization of 
these molecules has been conserved, dCREB2-d could have 

20 this property. 

In contrast to the dCREB2 splicing variants that 
encode isoforms with a basic region- leucine zipper domain, 
the dCREB2-q, -r and -s splice forms incorporate in- frame 
stop codons whose predicted protein products are truncated 
25 before the bZIP region. Isoforms of this type have been 
identified among the products of the CREB gene (deGroot, 
R.P. and P. Sassone-Corsi, Mol. Endocrinol., 7: 145-153 
(1993); Ruppert. S. et al., EMBOJ., 11: 1503-1512 (1992)) 
but not the CREM gene. The function of these truncated 
CREB molecules is not known, but at least one such CREB 
mRNA is cyclically regulated in rat spermatogenesis 
(Waeber, G. et al.. Mol. Endocrinol., 5: 1418-1430 (1991)) 

So far, dCR£B2 is the only cAMP- responsive CREB 
transcription factor isolated from Drosophila. Other 
35 Drosophila CREB molecules. BBF-2/dCREB-A (Abel, T. et al.. 



30 
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Genes Dev., 6i 466-488 (1992); Smolik, S.M. et al . , Wol. 
CelJ Biol., 12: 4123-4131 (1992)), dC32EB-fl (Usui, T. et 
al., UNA and Cell Biologiy, 12 ^7^: 589-595 (1993)) and 
dCREBl, have less homology to mammalian CREB and CREM. It 
5 may be that dCREB2 sxibsumes functions of both the CREB and 
CREM genes in Drosophila, The mammalian CREB and CREM 
genes are remarkably similar to one another in several 
respects. It has been suggested that CREB and CREM are the 
product of a gene duplication event (Liu, F. et al., j. 

10 Biol. Chem., 268: 6714-6720 (1993); Riabowol, K.T. et al./ 
Cold Spring Harhor Syxnp. Quant. Biol., l: 85-90 (1988)). 
dCREB2 has a striking degree of amino acid sequence 
similarity to the CREB and CREM genes in the bZIP domain. 
Moreover, comparison of alternative splicing patterns among 

15 CREB, CREM and dCR£B2 indicates that dCR£B2 generates mRUA 
splicina isofozms 

CREB and CREM. Taken together, the sequence information 
and the splicing organization suggest that dCREB2 is an 
ancestor of both the mammalian CREB and CREM genes. 

20 As discussed further herein, one phenomenon in which 

dCREB2 might act with enduring consequences is in long-term 
memory. This possibility is a particularly tempting one 
because recent work in Aplysia indicates that a CREB factor 
is likely to fxjnction in long-term facilitation by inducing 

25 an "immediate early" gene (Alberini, CM. et al.. Cell, 76: 
1099-1114 (1994); Dash, P.K., Nature, 345: 718-721 (1990)). 
Recent experiments with a conditionally-eaqjressed dCREB2-b 
transgene indicate that it has specific effects on long- 
term memory in Drosophila. 

30 The product of the second gene described herein, 

dCREBl, also appears to be a member of the CREB/ATF family. 
Gel -retardation assays indicate that it binds specifically 
to CREs. It has a basic region and an adjacent leucine 
zipper at its carboxyl end, but this domain shows limited 

35 amino acid sequence similarity to other CREB/ATF genes. 
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The presumed transcriptional activation domain of dCREBl is 
of the acid-rich variety. Furthermore, it has no consensus 
phosphorylation site for PKA. dCREBl can mediate 
transcriptional activation from CRE-containing reporters in 
5 the DroBophila L2 cell line, but this activation is not 
dependent on PKA. 

A recurrent finding from work on the biology of 
learning and memory is the central involvement of the cAMP 
signal transduction pathway. In Aplysia, the cAMP 
10 second-messenger system is critically involved in neural 
events underlying both associative and non- associative 
modulation of a behavioral reflex (Kandel. E.R. and J.H. 
Schwartz, Science, 218: 433-443 (1982); Kandel. E.R., et 
al.. In Symtptlc Function. Edelmann, G.M. , ec al. (Eds.), 
15 Jotai Wiley and Sons, New York (1987); Byrne, J.H. . et al., 
j« Advances in Second Messenger and Phosphoprocein 
Research. Shenolikar. S. and A.C. Nairn (Eds.), Raven 
Press, New York, pp. 47-107 (1993)). In Drosophila, two 
mutants, dunce and rutabaga, were isolated in a behavioral 
20 screen for defects in associative learning and are lesioned 
in genes directly involved in cAMP metabolism (Quinn, W.G., 
et al., Proc. Watl. Acad. Sci. USA. 71: 708-712 (1974); 
Dudai, Y., et al . , Proc. Natl. Acad. Sci., USA 73: 1684- 
1688 (1976); Byers, D. et al . , Nature, 289: 79-81 (1981); 
25 Livingstone, M.S., et al.. Cell, 37: 205-215 (1984); Chen, 
C N. et al., Proc. Natl. Acad. Sci. USA. 83: 9313-9317 
(1986); Levin, L.R., et al . , Cell, 68: 479-489 (1992)). 
These latter observations were extended with a 
reverse-genetic approach using inducible transgenes 
30 expressing peptide inhibitors of cAMP- dependent protexn 
kinase (PKA) and with analyses of mutants in the PKA 
catalytic subunit (Drain, P. et al.. Neuron, 6: 71-82 
(1991); Skoulakis, E.M., et al . , Neuron, 11: 197-208 
(1993)) Recent work on mammalian long-term potentiation 
35 (LTP) also has indicated a role for cAMP in synaptic 
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plasticity (Frey, U, , et al.. Science, 260: 1661-1664 
(1993); Huang, Y.Y* and E.R. Kandel, In Learning and 
Memory, vol. 1, pp. 74-82, Cold Spring Harbor Press, Cold 
Spring Harbor, NY (1994)). 
5 The formation of long- lasting memory in animals and of 

long-term facilitation in J^lysia can be disrupted by drugs 
that interfere with transcription or translation (Agranoff , 
B.W, et al.. Brain Res., 2: 303-309 (1966); Barondes, S.H. 
and H.D. Cohen, Nature, 218i 271-273 (1968); Davis, H.P. 

10 and L.R. Squire, Psychol. Bull., 9St 518-559 (1984); 
Rosenzweig, M.R. and E.L, Bennett, In Neurobiology of 
Learning and Memory, Lynch, G. , et al. (Eds.), The Guilford 
Press, New York, pp. 263-288, (1984); Montarolo, P.G., et 
al.. Science, 234: 1249-1254 (1986)). This suggests that 

15 memory consolidation requires de novo gene expression. 
Considered along with the involvement of the cAMP 
second-messenger pathway, this requirement for newly 
synthesized gene products suggests a role for 
cAMP- dependent gene expression in long-term memory (LTM) 

20 formation. 

In mammals, a subset of genes from the CREB/ATF family 
are known to mediate cAMP- responsive transcription 
(Habener, J. P., Mol. Endocrinol., 4i 1087-1094 (1990); 
deGroot , R . P . and P . Sassone-Corsi , Mol . Endocrinol . , 7 : 

25 145-153 (1993)). CREBs are members of the basic region- 
leucine zipper trauascription factor superfamily; 
(Landschulz, W.H. etal.. Science, 240i 1759-1764 (1988)). 
The leucine zipper domain mediates selective homo- and 
hetero-dimer formation among family members (Hai, T.Y. et 

30 al.. Genes & Dev., 3: 2083-2090 (1989); Hai, T. and T. 

Curran, Proc. Natl. Acad. Sci. USA, 88x 3720-3724 (1991))- 
CREB dimers bind to a conserved enhancer element (CRE) 
foiind in the upstream control region of many 
cAMP-responsive mammalian genes (Yamamoto, K.K., et al., 

35 Nature, 334: 494-498 (1988)). Some CREBs become 
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transcriptional activators when specifically phosphorylated 
by PKA (Gonzalez, G.A. and M.R. Montminy, Cell, 59: 675-680 
(1989); Foulkes, N.S. etal.. Nature, 355: 80-84 (1992)), 
while others, isoforms from the CREM gene, are functional 
5 antagonists of these PKA- responsive activators (Foulkes, 
N.S. et al.. Cell, 64z 739-749 (1991); Foulkes, N. and P. 
Sassone-Corsi, Cell, 68: 411-414 (1992)). 

Work in Aplysia has shown that cAMP- responsive 
transcription is involved in long-term synaptic plasticity 

10 (Schacher, S. et al.. Science, 240: 1667-1669 (1988); Dash, 
P.K., Nature, 345: 718-721 (1990)). A primary neuronal 
CO- culture system has been used to study facilitation of 
synaptic transmission between sensory and motor neurons 
comprising the monosynaptic component of the Aplysia 

15 gill -withdrawal reflex. Injection of oligonucleotides 

containing CRE sites into the nucleus of the sensory neuron 
specifically blocked long-term facilitation (Dash, P.K., 
Nature, 345: 718-721 (1990)). This result suggests that 
titration of CREB activity might disrupt long-term synaptic 

20 plasticity. 

Described herein is the cloning and characterization 
of a Drosophila CREB gene, dCREB2. This gene produces 
several isoforms that share overall structural homology and 
nearly complete amino acid identity in the basic 
25 region- leucine zipper with mammalian CREBs. The dCREB2-a 
isoform is a PKA- responsive transcriptional activator 
whereas the dCREB2-b product blocks PKA- responsive 
transcription by dCREB2-a in cell culture. These molecules 
with opposing activities are similar in function to 
30 isoforms of the mammalian CREM gene (Foulkes, N.S. et al.. 
Cell, €4: 739-749 (1991); Foulkes, N. and P. Sassone-Corsi, 
Cell, €8: 411-414 (1992); Foulkes, N.S. eC al.. Nature, 
355: 80-84 (1992)). The numerous similarities in sequence 
and function between dCREB2 and mammalian CREBs suggest 
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that cAMP- responsive transcription is evolutionarily 
conserved . 

Genetic studies of memory formation in Droeophila have 
revealed that the formation of a protein synthesis - 
5 dependent long-term memory (LTM) requires multiple training 
sessions with a rest interval between them. As discussed 
further herein, this LTM is blocked specifically by induced 
expression of a repressor isoform of the cAMP- responsive 
transcription factor CREB. Also as discussed further 

10 herein, LTM information is enhcuiced after induced 

expression of an activator form of CREB. Maximum LTM is 
achieved after just one training session* 

To investigate the role of CREBs in long-term memory 
(LTM) formation in Drosophila, dominant -negative trsuisgenic 

15 lines which express dCREB2'b under the control of a 

heat -shock promoter (h8'dCREB2'b) were generated. Groups 
of flies, which had been heat-shock induced or left 
uninduced, were tested for memory retention after Pavlovian 
olfactory learning. This acute induction regimen minimized 

20 potential complications from inappropriate expression of 
dCREB2-b during development and allowed a clear assessment 
of the effect of hS'dCREB2-b induction on memory formation. 

In Drosophila, consolidated memory after olfactory 
learning is composed of two genetically distinct 

25 components: anesthesia -resistant memory (ARM) and long-term 
memory (LTM) • ARM decays to zero within four days after 
training, and formation of ARM is insensitive to the 
protein synthesis inhibitor cycloheximide (CXM) but is 
disrupted by the radish mutation (Folkers, et al., 

30 Proc. Natl. Acad. Sex. USA, 90i 8123-8127 (1993)), In 
contrast, LTM shows essentially no decay over at least 
seven days, its formation is cycloheximide -sensitive and it 
is not disrupted by jradlah. Two different training 
protocols involving massed and spaced sessions were 

3 5 empl oyed ( Ebbinghaus , H • , Hber das Geda ch tni s , Dover , New 
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York (1885); Baddeley, A.D., The Psychology of Memory, 
Basic Books, New York (1976)) to dissect memory formation. 
The massed training procedure consists of ten consecutive 
training cycles with no rest interval between them, while 
5 the spaced training protocol consists of the same number of 
sessions but with a IS -minute rest between each. Their 
genetic dissection revealed that the massed protocol 
produced only ARM, while the spaced protocol produced 
memory retention composed of both ARM and LTM. 
10 The behavioral results show that formation of LTM is 

completely blocked by induced expression of hs-dCREB2-b. 
This effect is remarkable in its behavioral specificity. 
ARM, a form of consolidated memory genetically 

distinguishable from LTM, but co-existing with it one-day 
15 after spaced training, was not affected. Learning and 

peripheral behaviors likewise were normal. Thus, the 

effect of the induced hs-dCREB2-b transgene is specific to 

LTM. 

Induction of the mutant blocker did not affect LTM. 

20 This result, together with the molecular data which showed 
that induction of the wild- type blocker did not have 
widespread effects on transcription, suggests that the 
blocker is reasonably specific at the molecular level when 
it specifically blocks LTM. The wild- type blocker may 

25 disrupt CAMP -dependent transcription in vivo, since it can 
block cAMP- responsive transcription in cell culture. It is 
reasonable to infer that dimerization is necessary for 
blocker function and that the wild -type blocker could 
interfere with cAMP- responsive transcription either by 

30 forming heterodimers with dCREB2-a, the activator, or by 
forming homodimers and competing for DNA binding with 
homodimers of dCREB2-a. Thus, activators and repressors 
may form homodimers or heterodimers. It is reasonable to 
infer that long term memory is enhanced when the level of 
35 activator homodimer is increased from normal and/or when 
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the level of activator-repressor heterodimer is decreased 
from normal and/or when the level of repressor homodimer is 
decreased from normal. In any case, the molecular 
target (s) of dCREB2-b are likely to be interesting because 
5 of the behavioral specificity of the block of LTM. 

In DroBophila, consolidation of memory into long- 
lasting forms is subject to disruption by various agents. 
A single-gene mutation radiah and the pharmacological agent 
CXM were used to show that long-lasting memory in flies is 
10 dissectable into two conqponents, a CXM- insensitive ARM, 
which is disrupted by radish, and a CXM- sensitive LTM, 
which is normal in radish mutants. As described herein, 
CREB-family members are likely to be involved in the CXM- 
sensitve, LTM branch of memory consolidation. The results 
15 described herein, taken together with the showing that 

and a CXM- sensitive LTM, show that only one functional 
component of consolidated memory after olfactory learning 
lasts longer than four days, requires de novo protein 

20 synthesis and involves C3^B-family members. 

Based on work in i^lysia, a model has been proposed to 
describe the molecular mechanism (s) underlying the 
transition from short-term, protein synthesis -independent 
to long-term, protein synthesis -dependent synaptic 

25 plasticity (Alberini, CM. et al.. Cell, 76i 1099-1114 
(1994) )• The present work in Drosophila on long-term 
memory extends this model to the whole organism. In^jortamt 
molecular aspects of this transition seem to involve 
n^ig^ration of the catalytic subiinit of PKA into the nucleus 

30 (Backsai, B.J, etal.. Science, 260z 222-226 (1993)) and 
subsequent phosphorylation and activation of CREB-family 
members (Dash, P.K., Nature, 345: 718-721 (1990); Kaang, 
B.K., et al.. Neuron, 10: 427-435 (1993)). In flies, it is 
likely that the endogenous dCREB2-a isoform is one of these 

35 nuclear targets. Activated dCREB2-a molecules then might 



8NSDOCID: <WO 961 1270A1 JA> 



wo 96/11270 



PCT/DS9S/13198 



-22- 



10 



transcribe other target genes, including the intmediate 
early genes- -as is apparently the case in Aplysia. 
(Alberini, CM. et al.. Cell, 76: 1099-1114 (1994)). 

It is remarkable that the cAMP signal transduction 
pathway, including its nuclear components, seem to be 
required for memory-related functions in each of these 
species and behavioral tasks. Taken together with cellular 
analyses of a long- lasting form of LTP in hippocampal 
slices (Frey, U. , et al., SclBnce, 260: 1661-1664 (1993); 
Huang, Y.Y. and E.R. Kandel, In Learning and Memory, 
vol. 1, pp. 74-82, Cold Spring Harbor Press, Cold Spring 
Harbor, NY (1994)), the emerging picture is that 
cAMP- responsive transcription is a conserved molecular 
switch involved in the consolidation of short-term memory 
15 to long-term memory. Thus, it is reasonable to infer that 
differential regulation of CREB isoforms serves as a 
molecular switch for the formation of long term memory. 

A universal property of memory formation is that 
spaced training (repeated training sessions with a rest 
20 interval between them) produces stronger, longer -lasting 
memory than massed training (the same number of training 
sessions with no rest interval) (Ebbinghaus, H., Uber das 
Gedachtnis, Dover, New York (1885); Hintzman, D.L. , In 
Theories in Cognitive Psychology: The Loyola Symposium, 
25 R.L. Solso (Ed.), pp. 77-99, Lawrence Erlbaum Assoc . , 

Hillsdale, New Jersey (1974); Carew, T.J., et al.. Science, 
175: 451-454 (1972); Frost, W.N. , et al . , Proc. Natl. Acad. 
Sci. USA, 82: 8266-8269 (1985)). This phenomenon also 
exists in fruit flies for a conditioned odor avoidance 
response (Tully, T. and W.G.^Quinn, J. Comp. Physiol. 157: 
263-277 (1985)). Genetic dissection of this long-lasting 
memory has revealed, however, an important difference 
between massed and spaced training. Spaced training 
produces two functionally independent forms of consolidatec 
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memory, ARM and LTM, while massed training produces only 
ARM. 

As described herein, ARM and LTM differ primarily in 
their requirement for protein synthesis during induction. 
5 ARM is not affected when flies are fed the protein 

synthesis inhibitor cycloheximide (CXM) immediately before 
or after training, while LTM is completely blocked under 
the same feeding conditions. ARM in normal flies also 
decays away within four days after training, while LTM 

10 shows no decay for at least seven days. Thus, protein 

synthesis is required to induce LTM, but LTM is maintained 
indefinitely once formed. These latter properties of LTM 
have been observed throughout the animal kingdom (Davis, 
H.P. and L.R. Squire, Psychol. Bull., 9€: 518-5S9 (1984); 

15 Castellucci, V.F., etai., J-.Neurobiol . , 20: 1-9 (1989); 
Erber, J., >J , Camp . Physiol . PBychol . . 90? 41-45 /1 q7£\ . 
Jaffe, K., Physiol. flehav. , 25-. 367-371 (1980)). The 
emerging neurobiological interpretation is that formation 
of LTM involves protein synthesis -dependent structural 

20 changes at relevant synapses (Greenough, W.T., TINS, 7: 
229-283 (1984) ; Buonomano, D.V. and J.H. Byrne, Science, 
249: 420-423 (1990); Nazif, F.A., et al . , Brain Res., 539: 
324-327 (1991); Stewart, M.G. , In Neural and Behavioural 
Plasticity: The Use of the Domestic Chick As A Model, R.J. 

25 Andrew (Ed.), pp. 305-328, Oxford, Oxford (1991); Bailey, 
C.H, and E.R. Kandel, Sem.Neurosci. , ff:35-44 (1994)). The 
modem molecular view is that regulation of gene expression 
underlies this protein synthesis -dependent effect (Goelet, 
P. et al.. Nature, 322: 419-422 (1986); Gall, CM. and J.C. 

30 Lauterbom, In Memory : Organization and Locus of Change, 
L.R. Squire, et al., (Eds.) pp. 301-329 (1991); Armstrong, 
R.C. and M.R. Montminy, Annu.Rev.Weurosci . , 16: 17-29 
(1993)) . 

Why is spaced training required to induce LTM? The 
35 massed and spaced procedures both entail ten training 



BNSDOCID: <WO 961ia70A1_IA> 



wo 96/11270 FCT/US95/13198 



-24- 

sessions; consequently, flies receive equivalent exposure 
to the relevant stimuli (one odor temporally paired with 
electric shock and a second odor presented without shock) . 
The only procedural difference between massed and spaced 
5 training is the rest interval between each training 

session. The absence of a rest interval between sessions 
during massed training does not appear to disrupt the 
memory formation process. The level of initial learning 
assayed immediately after massed training is similar to 
10 that after spaced training. In addition, ARM levels are 

similar after both training procedures. Thus, the presence 
of a rest interval during spaced training seems crucial to 
the induction of LTM. 

To investigate the temporal kinetics of this rest 
15 interval in relation to the formation of LTM (Figures 13A 
and 13B) . it was first estsd^lished that the usual ten 
sessions of spaced training produced maximal 7 -day memory 
retention (7-day retention is composed solely of LTM, since 
ARM decays to zero within four days. 
20 Figure 13 A shows that 15 or 20 training sessions did 

not improve memory retention. Thus, ten spaced training 
sessions produces maximal, asymptotic levels of LTM, 

LTM as a function of the length of the rest interval 
between 10 spaced training sessions was then assessed. 
25 Figure 13B reveals a continuous increase in LTM from a 0- 
min rest interval (massed training) to a 10 -minute rest 
interval, at which time LTM levels reach maximum. Longer 
rest intervals yielded similar memory scores. These 
observations of LTM formation suggest an underlying 
30 biological process, which changes quantitatively during the 
rest interval between sessions and which accumulates over 
repeated training sessions. 

In transgenic flies, the formation of LTM, but not ARM 
or any other aspect of learning or memory, is disrupted by 
3 5 induced expression of a repressor form of the cAMP- 
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responsive transcription factor CREB (Example 4) . Mutating 
two amino acids in the "leucine zipper" dimerization domain 
of this CREB repressor was sufficient to prevent the 
dominant -negative effect on LTM. Thus, indication of LTM 
5 is not only protein synthesis -dependent but also is CREB- 
dependent. Stated more generally, C31EB function is 
involved specifically in a form of a memory that is induced 
only by spaced training. This observation was particularly 
intriguing in light of the molecular nature of CREB. 
10 In DroBophila, transcriptional and/or post- 

translational regulation of dCREB2 yields several mRNA 
isoforms. Transient transfection assays in mammalian F9 
cells have demonstrated that one of these isoforms (CREB2- 
a) functions as a cAMP- responsive activator of transcrip- 
15 tion, while a second isoform (CREB2-b) acts as an 
antagonistic repre««or of the acti\»"2ter {Exanipls i • 
Habener, J. P., Mol, Endocrinol., 4: 1087-1094 (1990); 
Foulkes, N. and P. Sassone-Corsi, Cell, 68: 411-414 
(1992)). (This repressor isoform was used previously to 
20 generate the inducible transgene mentioned above.) The 
existence of different CREB isoforms with opposing 
functions suggested an explauiation for the requirement of 
multiple training sessions with a rest interval between 
them for the formation of LTM. 
25 In its simplest form, this model (Example 7; Figure 

14) supposes that cAMP- dependent protein kinase (PKA) , 
activated during training, induces the synthesis and/or 
fxinction of both CREB activator and repressor isofozms (cf. 
Yamamoto, K.K., et al., Mature, 334: 494-498 (1988); 
30 Backsai, B.J. eCai., Science, 260: 222-226 (1993)). 

Immediately after training, enough CREB repressor exists to 
block the ability of CREB activator to induce downstream 
events. Then, CREB repressor isoforms are inactivated 
faster than CREB activator isoforms. In this manner, the 
35 net amount of functional activator (^CaCREB2a - CREB2b) 
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increases during a rest interval and then accumulates over 
repeated training sessions (with a rest interval) to induce 
further the downstream targets involved with the formation 
of LTM (Montarolo, P.G., et al.. Science, 2S4i 1249-1254 
5 (1986); Kaang, B.K., etal., Neuron, 20: 427-435 (1993)). 

This model leads to three predictions, which have been 
confirmed. First, if the functional difference between 
CREB activator and repressor isoforms is zero (AC=0) 
immediately after one training session, then additional 
10 massed training sessions should never yield LTM. Figure 

ISA shows that 48 massed training sessions, rather than the 
usual 10, still does not produce any 7-day memory 
retention. Second, if the amount of CREB repressor is 
increased experimentally. AC will be negative immediately 
15 after training (AC < 0) . Then, enough CREB repressor may 
not decsty during a rest interval to free enough CREB 
activator for induction of LTM. This has been shown to be 
the case for spaced training {15-min rest interval) after 
inducing the expression of a hsp-dCREB2-b (repressor) 
20 transgene three hours before training (Example 4) . Third, 
if the amount of CREB activator is increased 
experimentally, AC will be positive immediately after 
training (AC > 0) . This effect, then, should eliminate or 
reduce the rest interval required to induce LTM. Figure 
25 15B shows the results from recent experiments in which the 
expression of a hsp-dCREB2-a (activator) transgene was 
induced three hours before training. In these transgenic 
flies, massed training produced maximal LTM. This effect 
appeared not to arise trivially, since olfactory acuxty. 
shoclc reactivity (Figure 15C) and initial learning were 
normal in transgenic flies after heat shoclc- induction. 
Thus, the requirement for a rest interval between training 
sessions to induce LTM specifically was eliminated. 

Figure 15B also shows that maximal LTM occurred m 
35 induced hsp-dCREB2-a transgenic flies after just one 
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training session. The usual requirement for additional 
training to form a strong, long- lasting memory was no 
longer necessary. Thus, induced overeaqpression of a CREB 
activator has produced in otherwise normal flies, the 
5 functional equivalent of a "photographic" memory. This 
result indicates that the amount of CREB activator present 
during training — rather than the amount of activated PKA 
that reaches CREB in the nucleus, for instance (cf . 
Backsai, B.J. et al . , Science, 2€0i 222-226 (1993); Kaang, 

10 B.K., et al.. Neuron, 10: 427-435 (1993); PrcUik, D.A. and 
M.E. Greenberg, Cell, 79: 5-8 (1994)} is the rate- 
limiting step of LTM formation. Taken together, results 
from these experiments support the notion that the opposing 
functions of CREB activators and repressors act as a 

15 "molecular switch" (cf. Foulkes, N.S. et al.. Nature, 355: 
80-64 (1992)) to determine the rka•raInf^^_«»r-e a-»-«-AT«^<^^ 

* — — — — » 

training (number of training sessions and rest interval 
between them) required to form maximum LTM. 

To date, seven different dCREB2 RNA isoforms have been 

20 identified, and more are hypothesized to exist. Each may- 
be regulated differentially at transcriptional (Meyer, 
T.E., et al.. Endocrinology, 132: 770-780 (1993)) and/or 
translation levels before or during LTM formation. In 
addition, different combinations of CREB isoforms may exist 

25 in different (neuronal) cell types. Consequently, many 

dtffBT&nt. combinations of activator and repressor molecules 
are possible. From this perspective, the notions that all 
activators and repressors are induced during a training 
session or that all repressors inactivate faster than 

30 activators (see above) need not be true. Instead, the 

model requires only that AC (the net function of activators 
and repressors) is less than or equal to zero immediately 
after training and the increases with time (rest interval) . 
Theoretically, particular combinations of activator 

35 and repressor molecules in the relevant neuron (s) should 
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determine the rest interval and/or number of training 
sessions necessary to produce maximum LTM for any 
particular task or species. Thus, the molecular 
identification and biochemical characterization of each 
5 CREB activator and repressor isoform used during LTM 
formation in fruit flies is the next major step toward 
establishing the validity of our proposed model. Similar 
experiments in other species may establish its generality. 
CREB certainly is not involved exclusively with LTM. 
10 The dCREB2 gene, for instance, is expressed in all fruit 
fly cells and probably acts to regulate several cellular 
events (Foulkes, N.S. eC al., Nature, 355: 80-84 (1992)). 

So, what defines the specificity of its effects on 
LTM? Specificity most likely resides with the neuronal 
15 circuitry involved with a particular learning task. For 
olfactory learning in fruit flies, for instance, CREB 
probed>ly is modulated via the cAMP second messenger 
pathway. Genetic disruptions of other components of this 
pathway are known to affect olfactory learning and memory 
20 (Livingstone, M.S., et al.. Cell, 37: 205-215 (1984); 

Drain, P. et al . , Neuron, 71-82 (1991); Levin, L.R. , et 
al.. Cell, 68: 479-489 (1992); Skoulakis, E.M., etal.. 
Neuron 11: 197-208 (1993); Qiu, Y. and R.L. Davis, Genes 
Develop. 7: 1447-1458 (1993)). Presumably, the stimuli 
25 used during conditioning (training) stimulate the 
underlying neuronal circuits. The cAMP pathway is 
activated in (some) neurons participating in the circuit, 
and CREB-dependent regulation of gene expression ensues in 
the "memory cells". This neurobiological perspective 
30 potentially will be established in Drosophila by 

identifying the neurons in which LTM- specific CREB function 
resides. Experiments using a neuronal co-culture system in 
Aplyaia already have contributed significantly to this 
issue (Alberini, CM. etal.. Cell, 76: 1099-1114 (1994) 
35 and references therein) . 
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The involvement of CREB in memory, or in the 
structural changes of neurons which underlie memory in 
vivo, also has been implicated in mollusks (Dash, P.K., 
Nctture, 345: 718-721 (1990); Alberini, C.M. etal,. Cell, 
5 7€z 1099-1114 (1994)) and in mice (Bourtchuladze, R., et 
alw Cell, 79: 59-68 (1994)). Art5>le evidence also exists 
for the involvement of the cAMP second messenger pathway in 
associative learning in Aplysist (Kandel, E.R., et al.. In 
Synaptic Function, Edelmann, G.M, , et al. (Eds.), John 

10 Wiley and Sons, New York (1987); Byrne, J.H., et al.. In 
Advances in Second Messenger and Phosphoprotein Research, 
Shenolikar, S. and A,C. Nairn (Eds.), Raven Press, New 
York, pp. 47-107 (1993)) and in rat hippocan^al long-term 
potentiation (LTP) , a cellular model of associative 

15 learning in vertebrates (Frey, U. , et al.. Science, 260 z 

1661-1664 (1993) ; Huang. Y.Y. and E.R, Kand^l. In Lmmmiria 

and Memory, vol, 1, pp. 74-82, Cold Spring Harbor Press, 
Cold Spring Harbor, NY (1994)). Finally, cellular and 
biochemical experiments have suggested that CREB function 

2 0 may be modulated by other second messenger pathways (Dash, 
P.K., et al., Proc. Natl. Acad. Sci. USA 8dz S061-5065 
(1991); Ginty, D.D. et al.. Science, 2€0i 238-241 (1993); 
deGroot , R . P . and P . Sassone - Corsi , Mol • Endocrinol . , 7 : 
145-153 (1993) ) . These observation suggest that CREB might 

25 act as a molecular switch for LTM in many species and 
tasks . 

Finally, why might the formation of LTM recjuire a 
molecular switch? Many associative events occur only once 
in an auiimal's lifetime. Forming long-term memories of such 

30 events would be unnecessary cuad if not counterproductive . 
Instead, discrete events experienced repeatedly are worth 
remembering. In essence, a recurring event comprises a 
relevant signal above the noise of one-time events, 
Teleologically, then, the molecular switch may act as an 

35 information filter to ensure that only discrete but 
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recurring events are remembered. Such a mechanism would 
serve efficiently to tailor an individual's behavioral 
repertoire to its unique environment, 

The present invention also relates to isolated DNA 
5 having sequences which encode (1) a cyclic 3 5 ' -adenosine 
monophosphate (cAMP) responsive transcriptional activator, 
or a functional fragment thereof, or (2) an antagonist of a 
cAMP responsive transcriptional activator, or a functional 
fragment thereof, or (3) both an activator and an 
10 antagonist, or fxinctional fragments thereof of both. 

The invention relates to isolated DNA having sequences 
which encode Drosophila dCREB2 isoforms, or functional 
analogues of a dCREB2 isoform. As referred to herein, a 
functional analogue of a dCREB2 isoform comprises at least 
15 one function characteristic of a Drosophilei dCREB2 isoform, 
such as a cAMP- responsive transcriptional activator 
function and/or an antagonistic repressor of the cAMP 
activator function. These functions (i.e., the capacity to 
mediate PKA- responsive transcription) may be detected by 
20 standard assays (e.g., assays which monitor for CREB- 

dependent activation). For example, assays in F9 cells 
have been used extensively to study CREB- dependent 
activation because their endogenous cAMP- responsive system 
is inactive; (Gonzalez, G.A. et al . , Nature, 337: 749-752 
25 (1989); Masson, N. et al., Mol. Cell Biol., 22: 1096-1106 
(1992); Masson, N. et al.. Nucleic Acids Res., 21: 1163- 
1169 (1993) ) . 

The invention further relates to isolated DNA having 
sequences which encode a Drosophila dCREB2 gene or a 
30 fiinctional fragment thereof . Isolated DNA meeting these 
criteria comprise nucleic acids having sequences identical 
to sequences of naturally occurring Drosophila dCREB2 and 
portions thereof, or variants of the naturally occurring 
sequences. Such variants include mutants differing by the 
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addition, deletion or substitution of one or more nucleic 
acids . 

The invention relates to isolated DNA that are 
characterized by (1) their ability to hybridize to a 
5 nucleic acid having the DNA sequence in Figure lA (SEQ ID 
NO. : 1) or its coti5>lement , or (2) by their oQ^ility to 
encode a polypeptide of the amino acid sequence in Figure 
lA (SEQ ID NO-: 2) or functional equivalents thereof (i.e., 
a polypeptide which functions as a cAMP responsive 

10 transcriptional activator), or (3) by both characteristics. 
Isolated nucleic acids meeting these criteria comprise 
nucleic acids having sequences homologous to sequences of 
mammalian CREB, CREM and ATF-1 gene products. Isolated 
nucleic acids meeting these criteria also comprise nucleic 

15 acids having secpiences identical to sequences of naturally 
occurring dCREB2 or portions thereof - or variant « of the 
naturally occurring sequences. Such variants include 
mutants differing by the addition, deletion or substitution 
of one or more residues, modified nucleic acids in which 

20 one or more residues is modified (e.g., DNA or RNA 

analogs) , and mutants comprising one or more modified 
residues . 

Such nucleic acids can be detected and isolated under 
high stringency conditions or moderate stringency 

25 conditions, for example. "High stringency conditions" and 
"moderate stringency conditions" for nucleic acid 
hybridizations are explained on pages 2.10.1-2.10.16 (see 
particularly 2.10.8-11) and pages 6.3.1-6 in Current 
Protocols In Moleculeur Biology (Ausubel, F.M. fit al . . eds, 

30 Vol. 1, Suppl. 26, 1991), the teachings of which are 

incorporated herein by reference. Factors such as probe 
length, base composition, percent mismatch between the 
hybridizing sequences, ten5)erature and ionic strength 
influence the stability of nucleic acid hybrids. Thus, 

35 high or moderate stringency conditions can be deter imined 
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ett^irically, depending in part upon the characteristics of 
the known DNA to which other unknown nucleic acids are 
being compared for homology- 

Isolated nucleic acids that are characterized by their 
5 ability to hybridize to a nucleic acid having the secjuence 
in Figure lA or its complement (e,g., under high or 
moderate stringency conditions) may further encode a 
protein or polypeptide which functions as a cAMP responsive 
transcriptional activator. 

10 The present invention also relates to isolated DNA 

having sequences which encode an enhancer- specif ic 
activator, or a functional fragment thereof. 

The invention further relates to isolated DNA having 
sequences which encode a Drosophila dCREBl gene or a 

15 functional fragment thereof. Isolated DNA meeting these 
criteria comprise nucleic acids having sequences identical 
to sequences of naturally occurring Drosophilsi dCREBl and 
portions thereof, or variants of the naturally occurring 
sequences. Such variants include mutants differing by the 

20 addition, deletion or substitution of one or more nucleic 
acids. 

The invention further relates to isolated DNA that are 
characterized by (1) their ability to hybridize to a 
nucleic acid having the DNA sequence in Figure 5 (SEQ ID 
25 NO.: 7) or its complement, or (2) by their ability to 

encode a polypeptide of the amino acid sequence in Figure 5 
{SEQ ID NO. : 8) , or by both characteristics. Isolated DNA 
meeting these criteria also comprise nucleic acids having 
sequences identical to sequences of naturally occurring 

30 dCREBl or portions thereof, or variants of the naturally 
occurring sequences. Such variants include mutants 
differing by the addition, deletion or substitution of one 
or more residues, modified nucleic acids in which one or 
more residues is modified (e.g., DNA or RNA analogs), and 

35 mutants comprising one or more modified residues. 
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Such nucleic acids can be detected and isolated under 
high stringency conditions or moderate stringency 
conditions as described above, for example. 

Fragments of the isolated DNA which code for 
5 polypeptides having a certain function can be identified 
and isolated by, for example, the method of Jasin, M. , et 
al., U.S. Patent No. 4,952,501. 

Nitric Oxide in Invertebrates: Di-ns oiphila SNOS Gene Codf>fl 
for a Ca^VCalmodulin-Dependent Nit ric Oxide Svnthase 

10 Nitric oxide (NO) is a gaseous mediator of a wide 

variety of biological processes in mammalian organisms - 
Applicants have cloned the Drosophlla gene, dNOS, coding 
for a Ca^*/calmodulin-dependent nitric oxide synthase 
(NOS) . Presence of a functional NOS gene in Drosophlla 

15 provides conclusive evidence that invertebrates G^nthasize 
NO and presumably use it as a messenger molecule , 
Furthermore, conservation of an alternative RNA splicing 
pattern between dNOS and vertebrate neuronal NOS, suggests 
broader functional homology in biochemistry and/or 

20 regulation of NOS. 

NO is synthesized by nitric oxide synthases (NOSs) 
during conversion of I.-arginine to L-citrulline (Knowels, 
R.G., et al., Biochem. J., 298i 249 (1994); Nathan, C. , et 
al., J, Biol. Chem., 269: 13725 (1994); Marietta, M.A. , J. 

25 Biol. Chem., 268i 12231 (1993)). Biochemical 

characterization of NOSs has distinguished two general 
classes: (i) constitutive, dependent on exogenous Ca^* and 
calmodulin auid (ii) inducible, independent of exogenous 
Ca^^ cuid calmodulin. Analyses of cDNA clones have 

30 identified at least three distinct NOS genes in mammals 
(Bredt, D.S. , et al.. Nature, 351 i 714-718 (1991); Lamas, 
S., etal., Proc. Natl .Acad. Sci. USA, 89: 6348-6352 (1992); 
Lyons, C.R., et al., i7. Biol. Chem., 267: 6370 (1992); 
Lowenstein, C.J., et al., Proc. Natl. Acad. Sci. USA, 89: 
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6711 (1992); Sessa, W.C., et al., J . Biol . Chem . , 267: 15274 
(1992); Geller, D.A., et al., Proc. Natl. Acad. Sci . USA, 
90: 3491 (1993); Xie, Q. et al.. Science, 256: 225-228 
(1992)) neuronal, endothelial and macrophage, the former 
5 two of which are constitutive and the latter of which is 
inducible. The nomenclature for these different isoforms 
used here is historical, as it is clear now that one or 
more isoforms can be present in the same tissues (Dinerman, 
J.L., et al., Proc. Natl. Acad. Sci. USA, 91: 4214-4218 

10 (1994)). 

As a diffusible free-radical gas, NO is a 
multifunctional messenger affecting many aspects of 
mammalian physiology [for reviews, see Dawson, T.M., et 
al., Ann. Neurol. 32: 297 (1992); Nathan, C. , FASEB J. 6: 
15 3051 (1992); Moncada, S., et al . , N. Eng. J. Med., 329: 

2002-2012 (1993); Michel, T., et al . , Amer. J. Cardiol. 72: 
33C (1993); Schuman, E.M., et al., Annu. Rev. Neurosci . 17: 
153-183 (1994)] . NO originally was identified as an 
endothelium-derived relaxing factor responsible for 
20 regulation of vascular tone (Palmer, R.M.J. , Nature 327: 

524 (1987); Palmer, R.M. J. , et al.. Nature 333: 664 (1988); 
Ignarro, L.J., et al., Proc. Natl. Acad. Sci. USA, 84: 9265 
(1987)) and as a factor involved with macrophage -mediated 
cytotoxicity (Marietta, M.A. , etal.. Biochemistry 21: 8706 
25 (1988); Hibbs, J.B., et al,, Biochem. Biophye. Res. Coznm. 
157: 87 (1989); Steuhr, D.J., et al . , J. Exp. Med., 169: 
1543 (1989)) . Since NO has been implicated in several 
physiological processes including inhibition of platelet 
aggregation, promotion of inflammation, inhibition of 
30 lymphocyte proliferation and regulation of microcirculation 
in kidney (Radomski, M. , fit al- . Prgg. . ftgS'A, SgA . V?^ 

£7: 5193 (1990); Albina, J.E., J. Jjmqwtngl r 112: 144 (1991); 
KatZ, R., fin, .T Phvsiol. 261: F360 (1992); lalenti. A., 
al.. Knr t P>.armacol. 211: 177 (1992)). More recently, 
35 NO also has been shown to play a role in cell -cell 
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interactions in mammalian central and peripheral nervous 
systems --in regulating neurotransmitter release, 
modulation of NMDA receptor- channel functions, 
neurotoxicity, nonadrenergic noncholonergic intestinal 
5 relaxation (Uemura, Y., stal-/ Ann, Neurol. 27 : 620-625 
(1990)) and activity- dependent regulation of neuronal gene 
expression (Uemura, Y., £t alw Ann, Neurol. 27; 620 
(1990); Dawson, V.L., ££ al- , Proc. Natl, Acad. Sei , nSA 
fifi.: 6368 (1991); Lei, S.Z., fit sA- * Neuron 8: 1087 (1992); 

10 Prast, H,, fital-. Eur, J. Pharmacol, 216 : 139 (1992); 

Petinova, N., Nature 364 : 450 (1993)). Recent reports of NO 
fiinction in synaptogenesis and in apoptosis during 
development of the rat CNS (Bredt, Neuron 13 : 301 

(1994); RosJcams, A.J., Neuron 13 : 289 (1994)) suggest that 

15 NO regulates activity -dependent mechanism (s) underlying the 
organization of fine -structure in the cortex (Edelman. 
G.M., Stai-, Proc, Natl. Acad. Sci . USA 89: 11651-11652 ' 

(1992) ) . NO also appears to be involved with long-term 
potentiation in hippocampus and long-term depression in 

20 cerebellum, two forms of synaptic plasticity that may 
xonderlie behavioral plasticity (Bohme, G.A. , Eur . J . 
Pharmacol . 199 : 379 (1991); Schuman, E.M., Science 254 : 
1503 (1991); O'Dell, T. J. , fit al- , Proc. Natl. Acad. Sci. 
USA 88: 11285 (1991) ; Shibuki , K. , Nature 349 : 326 (1991); 

25 Haley, J.E., fit al- , Neuron 8: 211 (1992); Zhuo, M. , 

Science 260 ; 1946 (1993); Zhuo, M. , £t al. , NeuroReport 5; 
1033 (1994)). Consistent with these cellular studies, 
inhibition of NOS activity has been shown to disrupt 
learning and memory (caiapman, P.P., £t al. , NeuroReport 2: 

30 567 (1992); Holscher, C, Neuroaci. Lett. 145: 165 (1992); 
Bohme, G.A., Proc. Natl. Acad. Sci. USA 90: 9191 

(1993) ; Rickard, N.S,, Behav. Neurosci. 108: 640-644 

(1994) ) • 

Many of the above conclusions are based on 
35 pharmacological studies using inhibitors of nitric oxide 
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synthases or donors o£ NO. Interpretations of such studies 
usually are limited because the drugs interact with more 
thcua one target and they cannot be delivered to specific 
sites. A molecular genetic approach can overcome these 
5 problems, however, by disrupting a specific gene, the 
product of which may be one of the drug's targets. 
Recently, such an approach has been attempted in mice via 
generation of a knock-out mutation of the neuronal NOS 
(nNOS) (Huang, P.L., fit al. , Cell 75; 1273-1286 (1993)). 
10 While nNOS mutants appeared fully viable and fertile, minor 
defects in stomach morphology and hippocampal long-term 
potentiation were detected (Huang, P.L., gt , Cell 75: 
1273-1286 (1993); O'Dell, T.J., et , Science 265 : 542- 
546 (1994)). Moreover, some NOS enzymatic activity still 
15 was present in certain regions of the brain, suggesting a 
role for other NOS genes in the CNS, While yielding some 
relevant information about one specific component of NO 
fxinction, this nNOS disruption existed throughout 
development. Consequently, functional defects of NOS 
20 disruption in adults could not be resolved adequately from 
structural defects arising during development. Genetic 
tools exist in Drosophila, in contrast, to limit 
disruptions of gene functions temporally or spatially. 
To identify candidate Drosophila NOS homologs, a 
25 fragment of the rat neuronal NOS cDNA (Bredt, D.S., ££ ai- / 
Nature 351 : 714-718 (1991)) was hybridized at low 
stringency to a phage library of the Drosophila genome as 
described in Example 11. The rat cDNA fragment encoded the 
binding domains of FAD and NADPH (amino acids 979 - 1408 of 
30 SEQ ID NO.: 11), which are cofactors required for NOS 

activity, and therefore were expected to be conserved in 
fruit flies. Several Drosophila genomic clones were 
identified with the rat probe and classified into eight 
contigs. Sequence suialysis of three restriction fragments 
35 from these genomic clones revealed one (2.4R) with high 
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homology to mammalian NOSs. The deduced amino acid 
sequence of the ORF encoded within the 2.4R fragment 
indicated 40% identity to the rat neuronal NOS and binding 
sites for FAD and NADPH. 
5 The 2.4R DNA fragment then was used to probe a 

DroBophils adult head cDNA library as described in Example 
11, and eight clones were isolated. Restriction analysis 
indicated that all contained identical inserts and thus, 
defined a predominant treuiscript expressed by this 

10 DroBophila gene. One clone {c5.3) was sequenced in both 
directions. The 4491 bp cDNA contained one long ORF of 
4350 bp. The methionine initiating this ORF was preceded 
by ACAAG which is a good match to the translation start 
consensus (A/CAAA/C) for Drosophila genes {Cavener, D.R., 

15 Nugleic Agidg Rgg 1£: 1353-1361 (1987) ) . Conceptual 

translation of this ORP vi*»1ri*»r1 a n-r>n«-A-i n T-acn s>«.i«» 

— X — — — — - V « 

acids with a molecular weight of 151,842 Da. 

Con^arison of the amino acid sequence of this deduced 
Droaopliila protein (DNOS) (SEQ ID NO. : 9) to sequences of 

20 mammalicm NOSs revealed that DNOS is 43% identical to 

neuronal NOS (SEQ ID NO. : 11) , 40% identical to endothelial 
NOS (SEQ ID NO.: 10) and 39% identical to macrophage NOS 
(SEQ ID NO. : 12) . It also revealed similar structural 
motifs in DNOS (Figure 16A-16C) . The C-terminal half of 

25 the DNOS protein contains regions of high homology 

corresponding to the presumptive FMN-, FAD- and NADPH- 
binding sites. Amino acids thought to be important for 
making contacts with FAD and NADPH in mammalian NOSs 
(Bredt, D.S., fit al- , HatJlEfi 714-718 (1991); Lamas, 

30 S., e^iO.-, Proc. Nat 1. Acad. Sei. USA ftQ. 6348-6352 (1992); 
Lyons, C.R., fit Sl- , J. Biol. Chem. 267; 6370 (1992); 
Lowenstein, C.J., fit Sl- r Proc. Natl. Acad. Sci. USA 69; 
6711 (1992); Sessa, W.C., fit fil- , J. Biol. Chem. 267 : 15274 
(1992); Geller, D.A., fitai-/ Proc. Natl. Acad. Sei. USA 

35 22.'- 3491 (1993); Xie, Q. fit fii- , Science 256 : 225-228 
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(1992)) are conserved in DNOS. The middle section of DNOS, 
between residues 215 and 746 of SEQ ID NO. : 9, showed the 
highest similarity to mammalian NOSs: it is 61% identical 
to the neuronal isoform and 53% identical to endothelial 
5 and macrophage isof orms . Secjuences corresponding to the 
proposed heme- and calmodulin-binding sites in mammalian 
enzymes are well -conserved in DNOS. The region located 
between residues 643-671 of SEQ ID NO.: 9 has the 
characteristics of a calmodulin-binding domain (basic, 
10 amphiphilic a-helix) (O'Neil, K.T., S£ al.. Trends Biochem, 
Sci . 15 ; 59-64 (1990)). The amino acid sequence between 
these two sites is very well conserved among all four NOS 
proteins, suggesting the location of functionally important 
domains such as the arginine -binding site (Lamas, S., £t 
15 al., Proc. Natl - Acad, Sci, USA 89: 6348-6352 (1992)), 
tetrahydrobiopterine cofactor binding site or a 
dimerization domain. DNOS also has a PKA consensus site 
(Pearson, R.B., Meth. Enzvmol . 200 : 62-81 (1991) ) (at 
Ser-287 of SEQ ID NO. : 9) in a position similar to neuronal 
20 and endothelial NOSs. 

The 214 amino acid N- terminal domain of DNOS shows no 
obvious homology to its equivalent portion of neuronal NOS 
or to the much shorter N-terminal domains of endothelial 
and macrophage NOSs. This region of DNOS contains an 
25 almost laninterrupted homopolymeric stretch of 24 glutamine 
residues. Such glut amine -rich domains, found in many 
Drosophila. and vertebrate proteins, have been inqplicated in 
protein-protein interactions regulating the activation of 
transcription (Franks, R.G., Mech. Dev. 45: 269 (1994); 
30 Gerber, H.-P., al- . SSiSQcs 261: 808 (1994); Regulski, 
M., St alw EMBO J. 6: 767 (1987)). Thus, this domain of 
DNOS could be involved with protein-protein interactions 
necessary for localization and/or regulation of DNOS 
activity. 
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The above sequence comparisons suggest that a 
DroBophllsL structural homolog of a vertebrate NOS gene was 
identified. The order of the putative functional domains 
in the DNOS protein is identical to that of mammalian 
5 enzymes (Figure 15B) . Structural predictions based on 
several protein algorithms also indicate that general 
aspects of DNOS protein secondary structure (hydrophobicity 
plot, distribution of a-helixes and ^-strands) from the 
putative heme-binding domain to the C-terminus are similar 

10 to those of mammalian NOSs. DNOS also does not contain a 
transmembrane domain, as is the case for vertebrate NOSs. 
In addition to these general characteristics, several 
aspects of DNOS structure actually render it most like 
neuronal NOS: (i) the overall sequence similarity, (ii) the 

15 similarity of the putative calmodulin-binding site (55% 
identical to the neuronal NOS vs. 45% identical to 
endothelial NOS or vs. 27% identical to macrophage NOS) and 
(iii) the large N- terminal domain. Neuronal NOS and DNOS 
also do not contain sites for N- terminal myristoylation, 

20 which is the case for endothelial NOS (Lamas, S., £t al, . 
Proc. Natl, Acad, Sci . USA 89: 6348-6352 (1992)), nor do 
they have a deletion in the middle of the protein, which is 
the case for macrophage NOS (Xie, Q. £Jt al. , Science 256 : 
225-228 (1992) ) . 

25 To establish that Applicants putative DNOS protein had 

nitric oxide synthase activity, the dNOS cDNA was expressed 
in 293 human embryonic kidney cells as described in Example 
12, which have been used routinely in studies of mammalian 
NOSs (Bredt, D.S., £t al* / Nature 351 : 714-718 (1991)). 

3 0 Protein extracts prepared from dNOS-transf ected 293 cells 
as described in Example 12, contained a 150 kD polypeptide, 
which was recognized by a polyclonal antibody raised 
against the N-terminal domain of DNOS (Figure 17A, lane 293 
+ dNOS) . This immunoreactive polypeptide was of a size 

35 expected for DNOS and was absent from cells transfected 
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with just the pCGN vector alone (Figure 17A, lane 293 + 
vector) • 

Extracts made from d*7DS- trans fee ted 293 cells showed 
significant NO synthase activity, as measured by the L- 
5 arginine to L-citrulline conversion assay as described in 
Example 12 (0.1276 ± 0.002 pmol/mg/min; Figure 17B, group 
B) . [In a parallel experiment, the specific activity of 
rat neuronal NOS expressed from the same vector in 293 
cells was 3.0 ± 0.02 pmol/mg/min, N=4] . DNOS activity was 
10 dependent on exogenous Ca^*/calmodulin and on NADPH, two 

cofactors necessary for activity of constitutive mammalian 
NOSs (Iyengar, R. , Proc. Natl. Acad, Sci. USA 84 : 6369-6373 
(1987); Bredt, D.S., Proc, Natl. Acad. Sci , USA 87 : 682-685 
(1990)). DNOS activity was reduced 90% by the Ca^* 
15 chelator EGTA (Figure 17B, group C). Also, 500/xM N- (6- 
aminohexyl) -1 -naphthalene -sulfonamide (W5) , a calmodulin 
antagonist which inhibits activity of neuronal NOS (Bredt, 
D.S., Proc. Natl, Acad. Sci , USA 87 : 682-685 (1990)), 
diminished DNOS activity to 18% (0.0222 ± 0.001 
20 pmol/mg/min, Na2) . In the absence of exogenous NADPH, DNOS 
(or nNOS) activity was reduced 20% (0.1061 ± 0.011 
pmol/mg/min, N=4 for DNOS; 2.7935 ± 0.033 pmol/mg/min, N=2 
for nNOS) . DNOS activity also was blocked by inhibitors of 
mammalian NOSs (Rees, D.D., Br . J . Pharmacol . . 101 : 746-752 
25 (1990)). N^-nitro-L- arginine methyl ester (L-NAME) reduced 
DNOS activity 84% (Figure 17B, group D) , and 100 fihl N^" 
monomethyl-Ij- arginine acetate produced a complete block 
(0.0001 ± 0.0002 pmol/mg/min, N=2) . These enzymatic data 
demonstrate that DNOS is a Ca^V calmodulin- dependent nitric 
30 oxide synthase. 

Northern blot analysis indicated a 5.0 kb dNOS 
transcript which was expressed predominantly in adult fly 
heads but not bodies (Figure 18A) . More sensitive RT-PCR 
experiments as described in Example 13, however, detected 
35 dNOS message in poly (A)* RNA from fly bodies. Neuronal NOS 
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genes from mice auid humans produce two alternatively 
spliced transcripts, the shorter one of which yields a 
protein containing a 105 amino acid in- frame deletion 
(residues 504-608 in mouse or rat neuronal KOS) (Ogura, T., 
5 BiQChem. Biophvs. Res, Commun, 19:^. 1014-1022 (1993)), RT- 
PCR amplification of Drosophila head mRNA produced two DNA 
fragments: the 444 bp fragment corresponded to vertebrate 
long form and the 129 bp fragment corresponded to 
vertebrate short form (Figure 18B) . Conceptual translation 
10 of the 129 bp sequence confirmed a splicing pattern 

identical to that for the nNOS gene (Figure 18C) . Presence 
of the short NOS isof orm in Droeophilsi strengthens the 
notion that it may play an important role in NOS 
biochemistry . 

15 The discovery of a NOS homolog in Drosophila provides 

definitive proof that inv©T-t©bT'?.t^^^ p^roduce NO Hnd, as 
suggested by recent reports, most likely use it for 
intercellular signaling. These data also suggest that a 
NOS gene was present in an ancestor common to vertebrates 

20 and arthropods, implying that NOS has existed for at least 
600 million years. Thus, it is expected that NOS genes are 
prevalent throughout the animal kingdom. 

Consistent with this view are existing histochemical 
data. NOS activity has been detected in several 

25 invertebrate tissue extracts: in Lymulus polyphemus 

Radomski, M.W,, Philos. Trans. R. Soc, Lond. B, Biol. Sgi . . 
334: 129-133 (1992)), in the locust brain (Elphick, M.R. , 
St fll.. Brain Res. 344-346 (1993)), in the salivary 

gland of Rhodnius prolixus (Ribeiro, J.M.C, £t i FEES 

30 Let. 330 : 165-168 (1993) (34)) and in various tissues of 
Lymnaea Btagnalie (Elofsson, R. , £t fil- » NeuroReport ±i 
279-282 (1993)). Applications of NOS inhibitors or NO- 
generating substances have been shown to modulate the 
activity of buccal motoneurones in Lymnaea stagnalis 

35 (Elofsson, R. , al- . NeuroReport 4: 279-282 (1993)) and 
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the oscillatory dynamics of olfactory neurons in 
procerebral lobe of Limax maximus (Gelperin, A. , Nature 
369 : 61-63 (1994)). NADPH-diaphorase staining, a 
relatively specific indicator of NOS protein in fixed 
5 vertebrate tissue samples (Dawson, T.M. , fit al. , Proc, 

Natl. Acad. Sci , USA 88 : 7797 (1991); Hope, B,T. , et al - , 
Proc. Natl. Acad. Sci . USA 88 : 2811 (1991)), also has 
suggested the presence of NOS in Drosophila heads (Muller, 
U., Naturwissenschaf t 80 : 524-526 (1993)). The present 
10 molecular cloning of dNOS considerably strengthens the 
validity of these observations. 

Sophisticated genetic analyses of NOS fxinction are 
available in Drosophila. Classical genetics will allow the 
creation of point mutations and deletions in dNOSs 
15 resulting in full or partial loss of dNOS function. Such 
mutations will permit detailed studies of the role of NOS 
during development . 

The invention further relates to isolated DNA that are 
characterized by by their ability to encode a polypeptide 
20 of the amino acid sequence in Figure 16A-16C (SEQ ID NO. : 
9) or functional equivalents thereof (i.e., a polypeptide 
which synthesizes nitric oxide) . Isolated DNA meeting this 
criteria comprise amino acids having sequences homologous 
to sequences of mammalian NOS gene products (i.e*, 
25 neuronal, endothelial and macrophage NOSs) . The DNA 

sequence represented in SEQ ID NO.: 25 is an example of 
such an isolated DNA. Isolated DNA meeting these criteria 
also comprise amino acids having sequences identical to 
sequences of naturally occurring dNOS or portions thereof, 
30 or variants of the naturally occurring sequences. Such 
variants include mutants differing by the addition, 
deletion or substitution of one or more residues, modified 
nucleic acids in which one or more residues is modified 
(e.g., DNA or RNA analogs), and mutants comprising one or 
35 more modified residues. 
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Such nucleic acids can be detected and isolated under 
high stringency conditions or moderate stringency 
conditions, for example, "High stringency conditions" and 
"moderate stringency conditions" for nucleic acid 
5 hybridizations are explained on pages 2.10.1-2,10.16 (see 
particularly 2.10.8-11) and pages 6.3.1-6 in Current 
Protocols in Molecular Biology (Ausubel, F.M, ££. al , . eds. 
Vol. 1, Suppl. 26, 1991), the teachings of which are 
incorporated herein by reference. Factors such as probe 

10 length, base composition, percent mismatch between the 
hybridizing sequences, temperature and ionic strength 
influence the stability of nucleic acid hybrids. Thus, 
high or moderate stringency conditions can be deterimined 
empirically, depending in part upon the characteristics of 

15 the known DNA to which other unknown nucleic acids are 
b^itig coTnpared fcsr hotnology. 

Isolated DNA that are characterized by their ability 
to encode a polypeptide of the amino acid sequence in 
Figure 16A-16C, encode a protein or polypeptide having at 

20 least one function of a Drosophila NOS, such as a catalytic 
activity (e.g., synthesis of nitric oxide) and/or binding 
function (e.g., putative heme, calmodulin, FMN, FAD and 
NADPH binding) , The catalytic or binding function of a 
protein or polypeptide encoded by hybridizing nucleic acid 

25 may be detected by standard enzymatic assays for activity 
or binding (e.g., assays which monitor conversion of L- 
arginine to L-citrulline) . Fianctions characteristic of 
dNOS may also be assessed by in vivo complementation 
activity or other suitstble methods. Enzymatic assays, 

30 complementation tests, or other suitable methods can also 
be used in procedures for the identification and/or 
isolation of nucleic acids which encode a polypeptide 
having the amino acid sequence in Figure 16A-16C or 
functional equivalents thereof. 
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The present invention will now be illustrated by the 
following examples, which are not intended to be limiting 
in any way. 

EXAMPLES 

5 The following materials and methods were used in the 

work described in Examples 1 and 2 . 

Expression Cloning of dCREBl and dCREB2 

Standard protocols for expression cloning by DNA- 
binding (Aus\ibel, F., Current Protocols in Molecular 
10 Biology . John Wiley and Sons, New York, 1994; Singh, H. et 
al . . Cell . 52 : 415-423 (1988)) were followed except as 
noted. A double -stranded, 3xCRE oligonucleotide was 

c\m1-Vioc5"i 9!<ar1 arifl r^l on^a/l Ho^^ w^ori Ho YKa T arid ^^vtiT SlteS of 

— J ^ ~ ~" 

pGEM7Zf+ (Promega) . The sequence of one strand of the 
15 oligonucleotide was 5' CGTCTAGATCT ATGACTGAA TA 

TGACGTAA T ATGACGTAAT GGTACCAGATCTGGCC 3' (SEQ ID NO . : 17), 
with the CRE sites underlined. The oligonucleotide was 
excised as a Bglll/Hindlll fragment and labeled by filling- 
in the overhanging ends with Klenow fragment in the 
20 presence of [Qr"P]dGTP, [a"PldCTP and unlabeled dATP and 

dTTP (Ausubel, F., Current Protocols in Molecular Biology. 
John Wiley and Sons, New York, 1994)). Just prior to use, 
the IsQ^eled fragment was pre -absorbed to blank 
nitrocellulose filters to reduce background binding. All 
25 other steps were as described (Ausubel, F,, Current 

Protocols in Molecular Biology , John Wiley and Sons, New 
York, 1994)). After secondary and tertiary lifts, positive 
clones were subcloned into pKS+ (Stratagene) and sequences . 

Gel Shift Analysis 
3 0 Gel-mobility shift assays were performed as in 

Ausubel, P., Current Protocols in Mol ecular Biology. John 
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Wiley and Sons, New York, 1994, with the following 
modifications. The 4% polyacrylamide gel (crosslinking 
ratio 80:1) was cast and run using 5x Tris-glycine buffer 
(Ausubel, F., Current Protocols in Molegulai- Biology . John 
5 Wiley and Sons, New York, 1994)) supplemented with 3mM 
MgClj. The oligonucleotides used as the DNA probes were 
boiled and slowly cooled to room temperature at a 
concentration of 50 fig/mL in O.IM NaCl. 50 ng of double - 
stranded probe was end-labeled using polynucleotide kinase 

10 in the presence of 100 /iCi of [y«P]ATP. The double- 
stranded oligonucleotides were purified on a native 
polyacrylamide gel and used in a mobility shift assay at 
cibout 0.5 ng/reaction. 

For dCREB2, the original dCREB2-b cDNA was subcloned 

15 and sxibjected to site-directed mutagenesis to introduce 
restriction sites immediately 5' and 3' of the 
frame. This open reading frame was subcloned into the 
pETllA expression vector (Novagen) and used to induce 
expression of the protein in bacteria. The cells 

20 containing this vector were grown at 30*»C to an approximate 
density of 2xl0Vml and heat-induced at 37^C for 2 hours. 
The cells were collected by centrif ugation and lysed 
according to Buratowski, S. st alw Proc . Natl. Acad, Sci . . 
USA, !&: 7509-7513 (1991) . The crude extract was clarified 

25 by cent rifugat ion and loaded onto a DEAE column previously 
equilibrated with 50 mM TrisHCl, pH 8,0, 10% sucrose, 100 
mM KCl. Step elutions with increasing amounts of KCl in 
the same buffer were used to elute the dCREB2'b protein, 
which was assayed using the gel mobility-shift assay. The 

30 peak fraction was dialyzed against the loading buffer and 
used in the binding experiment. The specific competitor 
that was used was the wild-type CRE oligonucleotide. The 
sequence of one strand of the double -stranded 
oligonucleotides used in the gel shift analysis are listed. 
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For the first two oligonucleotides, wild- type and mutant 
CREs are underlined. 

Wild-type 3xCRE (SEQ ID NO. : 18) : 
5 ' AA ATGACGTAA CGGAA ATGACGTAA CGGAA ATGACGTAA CG 3'; 
5 Mutant BxmCRE (SEQ ID NO. : 19) : 

5 ' AA ATGAATTAA CGGAA ATGAATTA ACGGAA ATGAATTAA CGG 3 ' ; 

Nonspecific cotnpetitor #1 (SEQ ID NO.: 20) : 
5 ' TGCACGGGTTTTCGACGTTCACTGGTAGTGTCTGATGAGGCCGAAAGGCCGAAA 
CGCGATGCCCATAACCACCACGCTCAG 3 ' ; 
10 Nonspecific competitor #2 (SEQ ID NO. : 21) : 

5 ' TCGACCCACAGTTTCGGGTTTTCGAGCAAGTCTGCTAGTGTCTGATGAGGCCG 
AAAGGCCGAAACGCGAAGCCGTATTGCACCACGCTCATCGA<3AAGGC 3 ' ; 

Nonspecific competitor #3 (SEQ ID NO. : 22) : 
5 ' CTAGAGCTTGCAAGCATGCTTGCAAGCAAGCATGCTTGCAAGCATGC^ 

15 CAAGC 3' ; 

Nonspecific competitor #4 (SEQ ID NO. : 23) : 

5' CTCTAGAGCGTACGCAAGCGTACGCAAGCGTACG 3' 

For dCRBBl, heat-induced bacterial extracts (Ausubel, 

F., Current Protocols in Molecular Biology . John Wiley and 
20 Sons, New York, 1994) were made from the original phage 

clone integrated by lysogeny. Extract from a bacteria 

lysogenized with another plaque (which did not bind to CRE 

sites) from the screen was used as a negative control. 

Competition experiments were done using a 4-100 fold molar 
25 excess (relative to the probe) of unlcd^eled, wild-type CRE 

oligonucleotides or unlabeled, mutant CRE oligonucleotides. 

W9yl;:he!m Blots 

Total head and body RNA was isolated from flies 
according to the protocol of Drain, P. fit ai- r ygyrgn , 
30 6:71-82 (1991) . . Total RNA from all other developmental 
stages was a gift from Eric Schaeffer. All RNA samples 
were selected twice on oligo-dT columns (5 Prime-3 Prime) 
to isolate poly A+ RNA. Two /xg of poly A+ RNA was 
fractionated on 1.2% formaldehyde -formamide agarose gels. 
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transf erred to nitrocellulose and probed using an uniformly 
labeled, strand-specif ic, antisense RNA (aRNA) probe. The 
template for the synthesis of aRNA was one of the partial 
cDNA clones isolated from the library screen (pJYlSS) . 
5 This cDNA contained the carboxyl- terminal 86 amino acids of 
the dCREB2-b protein and about 585 bp of 3 ' untranslated 
mRNA. All Northern blots were washed at high stringency 
(0.1% SDS, O.lxSSC, 65«C) . 

In situ Hybridization To Ti ssue Sect ions 

10 Frozen frontal sections were cut and processed xmder 

RNAse-free conditions, essentially as described in Nighom, 
A. et al-r Neuron , 6:455-467 (1991), with modifications for 
riboprobes as noted here. Digoxigenin- labeled riboprobes 
were made from pJT199 using the Genius kit (Boehringer- 

15 Mannheim) . One ug of Xba-linearized teniplate and T3 RJ3A 
polymerase was used to make the antisense probe, while one 
fig of EcoRI- linearized template together with T7 RNA 
polymerase was used for the control sense probe. Alkaline 
hydrolysis (3 0 minutes at 60 *C) was used to reduce the 

20 average probe size to about 200 bases. The hydrolyzed 

probe was diluted 1:250 in hybridization solution (Nighom, 
A. ^aiw Neuron , £:455-467 (1991)), boiled, quickly 
cooled on ice, added to the slides and hybridized at 42<^C 
overnight. The slides were then treated with RNAse A (20 

25 fig/ml RNAse A in 0.5 M NaCl/10 mM Tris pH8 for 1 hour at 

37'*C) prior to two 50**C washes. Digoxigenin detection was 
as described . 

Reverse Transcription Coupled With the Polvmerase Chain 
Reaction (RT-PCR) Analysis of dCREB2 and Identification of 
30 Alternatively Spliced Exons 

The template for reverse transcription coupled with 
the polymerase chain reaction (RT-PCR) was total RNA or 
poly A+ RNA isolated from Droaophila heads as in Drain, P. 
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et alw Neuron . 6: 71-82 (1991). Total RNA used was 
exhaustively digested with RNase-free DNase I (50 fig of RNA 
digested with 50 units of DNase I for 60-90' at 37<»C 
followed by phenol, phenol/chloroform extraction, and 
5 ethanol precipitation) prior to use. Results from separate 
experiments indicate that this DNase -treatment effectively 
eliminates the possibility of PCR products derived from any 
contaminating genomic DNA. Two rounds of selection using 
commercial oligo-dT columns (5 Prime-3 Prime) were used to 
10 isolate poly A+ RNA from total RNA. The template for an 
individual reaction was either 100-2 00 ng of total RNA, or 
10-20 ng of poly A+ RNA. 

The RT-PCR reactions were performed following the 
specifications of the supplier (Perkin-Elmer) with a "Hot 
15 Start" modification (Perkin-Elmer RT-PCR kit instructions) . 
All components of the RT reaction, except the rTth enzyme, 
were assembled at 75**C, and the reaction was initiated by 
adding the enzyme and lowering the temperature to 70®C. At 
the end of 15 minutes, the preheated (to 75°C) PCR 
20 components (including trace amounts of [Qf"P]dCTP) were 
added quickly, the reaction tubes were put into a pre- 
heated thermocycler, and the PCR amplification begun. 
Cycling parameters for reactions (100 /il total volume) in a 
Perkin-Elmer 480 thermocycler were 94«C for 60 seconds, 
25 followed by 70 °C for 90 seconds. For reactions (50/il) in 
an MJ Mini cycler the parameters were 94 ^C for 45 seconds 
aj:id 70**C for 90 seconds. 

All primers used in these procedures were designed to 
have 26 nucleotides complementary to their target sequence, 
30 Some primers had additional nucleotides for restriction 

sites at their 5' ends to facilitate subsequent cloning of 
the products. Primers were designed to have a±>out 50% GC 
content, with a G or C nucleotide at their 3' most end and 
with no G/C rxins longer than 3 . For RT-PCR reactions with 
35 a given pair of primers, the Mg*^ concentration was 
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optimized by running a series of pilot reactions, at Mg*^ 
concentrations ranging from 0.6 tnM to 3.0 mM. Reaction 
products were analyzed on denaturing urea-polyacrylamide 
gels by autoradiography. Any product that appeared larger 
5 than the band predicted from the cDNA sequence was purified 
from a preparative native gel, re-anplif ied using the same 
primers, gel-purified, subcloned and sequenced. 

To verify that a given RT-PCR product was truly 
derived from RNA, control reactions were run to show that 
10 the appearance of the product was eliminated by RNase A 
treatment of the template RNA. Also, products generated 
from reactions using total RNA as the template were re- 
isolated from reactions using twice -selected polyA+RNA as 
template . 

15 Plasmids 

Expression constructs for transient transfection 
experiments in DroBophila were made in the expression 
vector pAct5CPPA (Han, K. et al . , Cell, S6i 573-583 (1989)) 
or in pAcQ. pAcQ is a close derivative of pAct5CPPA in 

20 which the Xbal site at the 5' end of the 2.5 kb actin 

promoter fragment was destroyed and additional sites were 
inserted in the polylinker. pAc-dCREBl was made by 
subcloning a KpnI-SacI fragment containing the complete 
dCREBl open reading frame (from a cDNA subcloned into pKS+) 

25 into pActSCPPA. pAc-PKA was constructed by svibcloning an 
EcoRV fragment encoding the Drosophila PKA catalytic 
s\ibunit (Foster, J.L. et al., i7. Biol. Chem., 263 1 1676- 
1681 (1988)) from a modified pHSREMl construct (Drain, P. 
et al.. Neuron, 6z 71-82 (1991)) into pAct5CPPA. To make 

30 the 3xCRE-lacZ reporter construct for Drosophila cell 
culture, the double -stramded, wild- type 3xCRE 
oligonucleotide used in the gel shift analysis was cloned 
into the KpnI-Xbal bac)dDone of H250PL (Hiromi, Y. and W.J. 
Gehring, Cell, SO: 963-974 (1987)), a reporter constiruct 
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made for enhancer testing which has cloning sites in front 
of a minimal hBpJO promoter-IacZ fusion gene« 

RSV-dCREB2-a was constructed in a long series of 
cloning steps. Essentially, the activator-encoding open 
5 reading frame was first reconstructed on the plasmid pKS+ 
by sequentially adding each of the three exons (exons 2, 4 
and 6) into the original cDNA of dCREB2~h, which had been 
subcloned from phage DNA into pKS+- Site-directed 
mutagenesis was used to introduce unique restriction enzyme 
10 sites both 5' and 3' of the dCEEB2~b open reading frame, 
and these sites facilitated the subcloning process and 
allowed removal of 5' smd 3' untranslated sequences. Once 
the activator was assembled, the resulting open reading 
frame was sequenced to confirm the cloning steps and moved 
15 into a modified RSV vector which contained a polylinker 
located between the RSV promoter and the SV4 0 
polyadenylation sequences (RSV-0) , RSV-dCREB2'h was made 
by moving the original dCREB2'b cDNA (which had been 
subcloned into pKS+) into RSV-0. 
20 Other constructs used in experiments were: pCaE (pMtC) 

(Mellon, P.L. et al., Proc. Natl. Acad. Sci . USA, 86 t 4887- 
4891 (1989)), which contains the cDNA for mouse PKA 
catalytic subunit cloned under the mouse metallothionein 1 
promoter; RSV-Sgal (Edlund, T. et al . , SciencG, 230z 912- 
25 916 (1985) ) , which expresses the lacZ gene under control of 
the Rous sarcoma long terminal repeat promoter (Gorman, 
C.M, et al*, Proc. Natl. Acad. Sci. USA, 79z 6777-6781 
(1982)). RSV-CREB (Gonzalez, G.A. etal., Wature, 337: 
749-752 (1989) ) is a CREB cDNA fragment containing the 341- 
30 amino acid open reading frame under the RSV LTR-promoter in 
RSV-SG, and the D(-7l) CAT reporter (Montminy, M.R. et al . , 
Proc. Natl. Acad. Sci. L7SA, 83: 6682-6686 (1986)) which is 
a fusion of a CRE- containing fragment of the rat 
somatostatin promoter and the bacterial CAT coding region. 
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F9 Cell Culture and Transf ect^ion 

Undifferentiated F9 cells were maintained cuid 
transfected iising the calcium phosphate method as described 
in Darrow, A.L. et al., "Maintenance and Use of F9 Terato- 
5 carcinoma Cells" In Meth. Enzymol., v. 190 (1990), except 
that chloroquine was added to 100 mM immediately before 
transfection and precipitates were washed off ten hours 
after transfection, at which time the dishes received fresh 
chloroquine- free medium. Amounts of DNA in transf ections 

10 were made equivalent by adding RSV-0 where required. Cells 
were harvested 3 0 hours after transfection. Extracts were 
made by three cycles of freeze/ thawing, with brief 
vortexing between cycles. Particulate matter was cleared 
from extracts by ten minutes of centrif ugation in the cold. 

15 fi-galactosidase assays were performed as described in 
Miller, J.H. , Exoeriments in Mnl 

Spring Harbor Laboratory, Cold Spring Harbor, NY, 1972. 
CAT assays were performed as described in Sheen, J.Y, and 
B. Seed, Gene, €7: 271-277 (1988) using aliquots of extract 

20 heat-treated at 6S^C for ten minutes and centrif uged for 
ten minutes to remove debris. Results reported are from 
three experiments run on different days with at least three 
dishes per condition within each experiment. Error bars 
represent stamdard error of the mean, with error 

25 propagation taken into accoxint (Grossman, M. and H.W. 
Norton, *!. Hered. , 72: 295-297 (1980)). 

Drosor^hila Cell Culture and Transient Transfection 

Schneider L2 cells in Schneider's medium (Sigma) 
supplemented with 10% fetal bovine serum (FBS) or Kcl67 
3 0 cells in D-22 medium (Sigma) supplemented with 10% FBS, 
were transfected by the calcium phosphate method 
essentially as described in Krasnow, M.A. et al.. Cell, 57: 
1031-1043 (1989), with the following differences. Kcl67 
cells were plated at 2x10* cells/ml and chloroquine was 
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added to a final concentration of 100 mM immediately prior 
to transf ection. A total of 10 fig of plasmid DNA per dish 
was used for L2 transf ections and 25 fig per dish for Kcl67 
transf ect ions . DNA masses in transf ections were made 
5 equivalent with pGEM7Zf+ where required. Precipitates were 
left xindisturbed on L2 cells until harvest, but for Kcl67 
cells the original medium was replaced with fresh, 
chloroquine-f ree medium after twelve hours. Cells were 
harvested thirty- six to forty- eight hours after 

10 transf ection. Extracts were made and enzymatic assays 
performed as described above for F9 cells . Results 
reported for transf ections are averages of at least three 
experiments run on different days, with at least duplicate 
dishes for each condition within experiments. Error bars 

15 represent standard error of the mean, with error 

propagation taken into account (Grossman, M. and H.W. 
Norton, J. Hered., 71: 295-297 (1980)). 

S-aaTactosidase (Saal) and Chloramphenicol Acetyl 
T-ransf erase fCAT^ Assays 

20 S-galactosidase assays were run and activity 

calculated as described in Miller, J.H., Experiments in 
Molecular Genetics, Cold Spring Harbor LsODoratory, Cold 
Spring Harbor, NY, 1972. CAT assays were performed 
essentially according to Sheen, J.Y. and B. Seed, Gene, 67 1 

25 271-277 (1988)) using supernatants from heat-treated 
aliquots of extracts (65*»C for 10 minutes and then 
centrifuged for 10 minutes) , Relative activity was 
calculated according to Sheen, J.Y, and B. Seed, Gene, 67: 
271-277 (1988) ) . 

30 PKA^Respo n^^ve Transcriptional Activ^tipn W <;jCTEB2-a 

F9 cells were transiently transfected with 10 fig of 
D(-71) CAT plasmid as a CRE-directed reporter. 5 ^g of 
RSV-figal reporter was included in each dish as a 
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normalization control for transfection efficiency. 
Different groups received 8 fig of dCR£B2-a expression 
vector and 4 /xg of PKA expression vector, separately or in 
combination. Results are expressed as CAT/^gal enzyme 
5 activity ratios, standardized to values obtained with PKA- 
transf ected dishes . 

Transcriptional Effect of d CREB2'b and a Mutant Variant On 
PKA-Resoonsive Activation bv dCREB2-B 

F9 cells were transiently cotransf ected with 10 fig of 

10 D(-71) CAT along with the indicated combinations of the 

following expression constructs: RS\/'dCREB2'a (5 fig); pMtC 
(2 fig) ; RSV-dCREB2'b (5 fig) ; and RSV'WLZ'dCREB2'b, which 
expresses a leucine- zipper mutant of dCREB2-b (Sfig) . The 
DNA mass for each dish was made up to 27 fig with RSV-O. 

15 Other experimental conditions are as described above under 
"PKA-Responsive Transcriptional Activation by dCREB2-a"- 

TranscriPtional Activation of a CRE R eporter Gene bv dCREBl 
in Dro30T>h±la Schneider L2 c ell culture 

The cells were transiently transfected with a dCREBl 
20 expression construct (1 fig) , with or without a construct 

which expresses Drosophila PKA. 3xCRE-figal reporter (1 fig) 
and the normalization Ac-CAT reporter (1 fig) were included 
in each dish. Expression vectors not present in particular 
dishes were replaced by pACQ. 

25 Bx^mpl^ I Isolation and Characterization of dCRES2 

Two different genes were isolated in a DNA-binding 
expression screen of a Drosophila head cDNA library using a 
probe containing three CRE sites OxCRE) . Many clones were 
obtained for the dCREB2 gene, while only one clone was 

30 obtained for dCREBl. The dCREB2 clones had two 

alternatively- spliced open reading frames, dCREB2-b and 
dCREB2^c (see Figure 2) • These differed only in the 
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presence or absence of exon 4 and in their 5' and 3' 
xintranslated regions. The inferred trauislation product of 
dCREB2'b showed very high sequence similarity to the amino 
acid sequences of the basic region/leucine zipper (bZIP) 
5 domains of mammaliaji CREB (SEQ ID NO. : 4) , CREM (SEQ ID 
NO.: 5) and ATF-1 (SEQ ID NO.: 6) (see Figure IB). 

Chromosomal in situ hybridization using a dCREB2 probe 
localized the gene to a diffuse band at 17A2 on the X 
chromosome, a region which contains several lethal 
10 complementation groups (Eberl, D.F, et al . , Genetics, 30: 
569-583 (1992) ) . 

To determine the DNA binding properties of dCREB2'b, 
the DNA binding activity of dCREB2'b was assayed using a 
gel mobility- shift assay. Bacterial extracts expressing 
15 the dCREB2-b protein retarded the migration of a 

triplicated CRE probe (3xCRE) . The protein had lower, but 
detectable, affinity for a mutated 3xCRE oligonucleotide. 
Competition experiments using unlabeled competitor 
oligonucleotides showed that the binding of dCR£B2-b to 
20 3xCRE was specific with higher affinity for CRE sites than 
to nonspecific DNA. Together with the conserved amino acid 
sequence, this functional similarity suggested that dCREB2 
was a CREB family member. 

The expression pattern of dCREB2 was determined by 
25 Northern blot analysis of poly A+RNA from various 

developmental stages . A complex pattern with at least 12 
different transcript sizes was found. Two bands of 
approximately 0.8 and 3.5 kb were common to all of the 
stages. The adult head contained transcripts of at least 
30 six sizes (0.8, 1.2, 1.6, 1.9, 2,3 and 3,5 kb) . In situ 
hybridization to RNA in Drosophilct head tissue sections 
showed staining in all cells. In the brain, cell bodies 
but not neuropil were stained. 

dCREB2 has alternatively-spliced forms. Initial 
35 transfection experiments showed that the dCREB2'C isoform 
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was not a PKA- responsive transcriptional activator. This 
information, together with the complex developmental 
expression pattern and the known use of alternative 
splicing of the CREM gene to generate PKA- responsive 
5 activators (Foulkes, N. and P. Sassone-Corsi, CeII> 68: 
411-414 (1992); Poulkes, N,S. etal,. Nature, 355: 80-84 
(1992)) suggested that additional domains might be required 
to code for an activator, 

Reverse transcription coupled with the polymerase 

10 chain reaction (RT-PCR) was used to identify new exons- 

Comparison of the genomic DNA secpience with that of cDNAs 
indicated the general exon/intron organization and assisted 
in the search for additional exons. Sense and antisense 
primers spaced across the dCREB2-Jb cDNA were synthesized 

15 and used pairwise in RT-PCR reactions primed with 

Drosonhila Vi^aH qmzl i^^a^f- ^^e. ...^^-w ..^ j_ — j 

— — — — ^^^»tkW^C9 CAWAXO ^ CUXU 

7 (see Figure 2) generated two products, one with the 
predicted size (con^ared with the cDNA clones) and one that 
was larger. The larger fragment was cloned and its 

20 sequence suggested the presence of exon 6 (see Figure lA; 
SEQ ID NO. : 1) . A primer within exon 6 was synthesized, 
end- labeled and used to screen a Drosophila head cDNA 
library. Two clones were isolated, sequenced and found to 
be identical. This splicing isoform, dCREB2'd, confirmed 

25 the splice junctions cuid exon sequence inferred from the 
RT-PCR products* 

Initial attempts to isolate exon 2 proved difficult. 
The genomic sequence that separated exons 1 and 3 (see 
Figure 2) was examined and one relatively extensive open 

30 reading frame (ORF) was identified. Three antisense 
primers, only one of which lay inside this ORF, were 
synthesized based on the intron sequence. Three sets of 
RT-PCR reactions were run in parallel, each using one of 
the three antisense primers and a sense primer in exon 1 . 

35 Only the reaction that used the antisense primer in the ORF 
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produced a PCR product. The sequence of this product 
matched a continuous stretch of nucleotides from the 
genomic sequence, extending 3' from exon 1 past the splice 
junction in the dCREB2'b cDNA to the location of the 
5 antisense primer in the ORF. This fragment suggested that 
exon 1 might be extended in some mRNAs by use of an 
alternative 5' splice site located 3' to the site used to 
make dCR£B2-b. Based on the newly- identified exon 
sequences , a sense primer was made . This primer was used 
10 with an antisense primer in exon 3 to generate a new 

product whose sequence established the location of the new 
5' splice site. The sequence added to exon 1 by 
alternative 5' splice site selection is denoted exon 2. 
The exon 2 sequence also showed that the same 3' splice 
15 site was used both for the original cDNA and for exon 2. 
To independently verify this alternative splicing pattern, 
RT-PCR was carried out with a primer that spanned the 3' 
splice junction of exon 2 and a primer in exon 1. The 
sequence of the product corroborated the splice junctions 
20 of exon 2 shown in Figure lA (SEQ ID NO.: 1) . 

To determine if exons 2 and S could be spliced into 
the same molecule, an RT-PCR reaction was carried out with 
primers in exons 2 and 6. The reaction produced a product 
of the size predicted by coordinate splicing of these two 
25 exons and the identity of this product was confirmed by 
extensive restriction analysis. 

dCREB2 is a Drosophila CREB/ATF gene. Figure lA shows 
the DNA sequence (SEQ ID NO.: 1) and inferred amino acid 
sequence (SEQ ID NO.: 2) of dCREB2-a, the longest ORF that 
30 can result from the identified alternative splicing events. 
The indicated translation start site for this ORF is 
probably authentic because: i) stop codons occur upstream 
from this ATG in all reading frames in our dCREB2 cDNAs 
(sequences not shown) ii) this ATG was selected by computer 
35 (Sheen, J.Y. and B. Seed, Gane, 67z 271-277 (1988)) as the 
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best ribosome binding site in the DNA sequence that 
contains the ORF; and iii) use of the next ATG in the open 
reading frame 480 nucleotides downstream would not produce 
an inferred product that is a PKA-dependent activator (see 
5 below) • This information does not exclude the possibility 
that internal translation initiation sites may be used in 
this transcript, as happens in the CREM gene's S-CREM 
isoform (Delmas, V, et al., Proc, Natl. Acad, Sci. USA, 89: 
4226-4230 (1992))/ 

10 The dCREB2^a open reading frame predicts a protein of 

361 amino acids with a carboxyl -terminal bZIP domain (SEQ 
ID NO. : 3) highly homologous to those of mammalian CREB 
(SEQ ID NO.: 4) and CREM (SEQ ID NO.: 5) (see Figure IB) . 
The inferred dCREB2-a product has a small region of amino 

15 acids containing consensus phosphorylation sites for PKA, 
calcium/calmodul in-dependent kinase II {CaM kinase II) and 
protein kinase C (PKC) at a position similar to that of the 
P-box in CREB, CREM and ATF-1. The amino- terminal third of 
the predicted dCREB2-SL is rich in glutamines (including 

20 runs of four and five residues) . Glutamine-rich activation 
domains occur in CREB, CREM, and other eukaryotic 
transcription factors, including some from Djrosophilst 
(Courey, A, J. and R. Tijan, "Mechcuiisms of Transcriptional 
Control as Revealed by Studies of the Human Transcription 

25 Factor Spl" In Trans crip tiornil Regulation, vol. 2, 

McKnight, S.L. and K.R. Yamamoto (eds.). Cold Spring Harbor 
Press, Cold Spring Harbor, NY, 1992; Mitchell, P.J. and R. 
Tijan, Science, 245: 371-378 (1989)). 

A computerized amino acid sequence homology search 

3 0 with the predicted dCR£B2-a protein sequence (SEQ ID 

NO. : 2) identifies CREB, CREM and ATF-1 gene products as 
the closest matches to dCREB2'a. The homology is 
particularly striking in the carboxyl -terminal bZIP domain 
where 49 of 54 amino acids are identical with their 

35 counterparts in mammalian CREB (Figure IB) . The homology 
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is less striking, albeit substauitial , in the activation 
domain. Lower conservation in this domain is also 
characteristic of the mammalian CREB and CREM genes 
(Masquilier, D. et al.. Cell Growth Differ., 4: 931-937 
5 (1993)). 

Figure 2 shows the exon organization of all of the 
dCREB2 alternative splice forms that we have detected, both 
as cDNAs and by RT-PCR. Splice products of dCREB2 fall 
into two broad categories- One class of transcripts 
10 {dCREB2'a, -Jb, -c, -d) employs alternative splicing of 

exons 2, 4 and 6 to produce isofoarms whose protein products 
all have the bZIP domains attached to different versions of 
the activation domain- The second class of transcripts 
(dCREB2'q, -r, -s) all have splice sites which result in 
15 in- frame stop codons at various positions upstream of the 
bZIP domain. These all predict truncated activation 
domains without dimeriation or DNA binding activity - 

Two different dCREB2 isoforms, dCREB2'3i and dCREB2-b, 
have opposite roles in PKA- responsive transcription. The 
20 capacity of isoforms of the dCREB2 gene to mediate PKA- 
responsive transcription was tested in F9 cells. These 
cells have been used extensively to study CREB - dependent 
activation because their endogenous cAMP- responsive 
transcription system is inactive (Gonzalez, G.A. et al . , 
25 Nature, 337: 749-752 (19B9) ; Masson, N. et al . , Afol . Cell 
Biol., 12: 1096-1106 (1992); Masson, N. et al.. Nucleic 
Acids Res., 21i 1163-1169 (1993)). Candidate cAMP- 
responsive transcription factors, synthesized from 
expression vectors, were transiently transfected with and 
30 without a construct expressing the PKA catalytic subunit. 
CREB -dependent changes in gene expression were measured 
using a cotransf ected construct that has a CRE- containing 
promoter fused to a reporter gene. 

The product of the dCREB2-a isoform is a PKA- dependent 
35 activator of transcription (Figure 3) . Transfection of PKA 
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or dCREB2'a, alone gave only modest activation above 
baseline values. Cotransf ection of dCREB2'cL and PKA 
together, however, gave levels of activation 5. 4 -fold 
greater than the activation seen with PKA alone. 
5 dCREB2'b did not act as a PKA- dependent 

trcuis activator* When transfected together with the 
reporter and PKA, it failed to stimulate reporter activity. 
Instead, it functioned as a direct antagonist of PKA- 
dependent activation by dCREB2*a (Figure 4) , Cotranf ection 

10 of equimolar amounts of the dCR£B2-a and dCREB2-b 

expression constructs, along with PKA and the reporter, 
resulted in a nearly complete block of PKA- dependent 
activation from the CRE- containing reporter. 

The strong homology between the leucine zippers of 

15 dCREB2 (SEQ ID NO.: 3), CREB (SEQ ID NO.: 4) and CREM (SEQ 
ID NO. : 5) (see Figure IB) suggested that mutations which 
cO^olish CREB dimerization (Dwarki, V.J. et al . , EMBO J., 9i 
225-232 (1990)) should also affect dCREB2 dimerization. 
The mutant Drosophila molecule mIi2-dCR£B2-i:> was made by 

2 0 introducing two single-base chcmges that convert the middle 
two leucines of the leucine zipper to valines . An 
identical mutation in CREB abolishes homodimerization in 
vitro (Dwarki, V.J. et al . , EMBO J., 9i 225-232 (1990)). 
Cotransf ected mLZ-dCREB2-Jb failed to block PKA-dependent 

25 activation by dCREB2'a. (Figure 4) . 

E3^?iTTTple 2 Isolation and Characterization of dCREBl 

A single cDNA representing the dCREBl gene was 
isolated in the same screen of a Droaophlla lambda gtll 
expression library that yielded the dCREB2 cDNAs. The 
30 sequence of the dCREBl cDNA contained a complete open 

reading frame specifying a 266 amino acid protein with a 
carboxyl -terminal leucine zipper four repeats long and an 
adjacent basic region (Figure 5; SEQ ID NO. : 7). The 
amino -terminal half of the inferred protein contains an 
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acid-rich activation domain, with glutamate, asparate and 
proline residues spaced throughout. dCREBl has consensus 
phosphorylation sites for CaM kinase II and PKC throughout 
its length, but has no predicted phosphoacceptor site for 
5 PKA. 

Gel shift analysis showed higher-affinity binding of 
the dCREBl protein to 3xCRE than to 3xmCRE. 
Transcriptional activation by dCREBl was assayed with 
transient cotrans feet ion experiments using the Drosophila, 

10 L2 and KC167 cell culture lines. In L2 cells, dCREBl 

activates transcription from CREs, but this effect is not 
enhanced by cotransf ection of PKA (Figure 6) . In Kcl67 
cells, dCREBl fails to activate reporter expression either 
alone or with cotransf ected PKA expression constructs . 

15 Genomic Southern blot analysis indicates that dCREBl 

is a single copy gene, and chromosomal in situ 
hybridization shows that it is located at 54A on the right 
arm of chromosome 2 • 

These results show that dCREBl is a non-PKA responsive 

20 CREB family member from Drosophila, 

The following materials and methods were used in the 
work described in Examples 3 and 4 . 

Isolating Tr angqenic Flies 

EcoRI restriction sites were added (using PGR) just 5' 
25 to the putative translation initiation site and just 3' to 
the translation termination site in the dCREB2-b cDNA, 
This fragment was sequenced and subcloned into CaSpeR hs43, 
a mini-white transformation vector which contains the hsp70 
promoter, in the orientation so that the dCREB2-b open 
30 reading frame is regulated by the hsp70 promoter. 

Germ- line transformation was accomplished using standard 
techniques (Spradling, A.C. and G.M. Rubin, Science, 218 z 
341-347 (1982); Rubin, G.M. and A, Spradling, Science, 218i 
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348-353 (1982)), Two trcuisgenic lines, 17-2 and 
each with one independent P-element insertion were 
generated and characterized. They appeared normal in 
general appearance, fertility and viability. These 
5 transgenic lines were outcrossed for at least five 

generations to w<CS-10) (Dura, J-M, , et al . , j^. Neurogenet. 
9z 1-14 (1993)), which itself had been outcrossed for ten 
generations to a wild- type (Can-S) stock. This extensive 
series of outcrossing is necessary to equilibrate the 
10 genetic background to that of Canton-S. Flies homozygous 
for the 17-2 trsuisgene were bred and used for all 
experiments. 

The mutant blocker has been described previously (see 
Example 1) . The mutations were substituted into an 

15 otherwise wild- type blocker construct and germ- line 
transformants were made by injecting into wfisoCJl) 
embryoes. Flies homozygous for the A2-2 transgene 
insertion were bred and used for all experiments. 
wdeoCJl) is a subline of w(CSlO) (see above) carrying 

20 isogenic X, 2**** and 3^** chromosomes cind was constructed by 
Dr. C. Jones in our laboratory. Originally 40 such 
sxiblines were w(CSlO) using standard chromosome balancer 
stocks. Olfactory acuity, shock reactivity, learning and 
three -hr memory after one -cycle training then were assayed 

25 in each isogenic subline. As expected, a range of scores 
among the sxiblines was obtained. wdaoCJl) yielded scores 
that were most like those of w(CSlO) on each of these 
assays. By injecting DNA into the relatively homogeneous 
genetic background of w(ieoCJl) , outcrossing of the 

30 resulting germ- line transformants to equilibrate 

heterogeneous) genetic backgrounds was not necessary. 

Cvcloheximide Feeding and Heat -Shock Recimen 

For experiments on memory retention after one -cycle 
training aaid on retrograde amnesia, flies were fed 35 mM 



BNSDOCID: <WO. 



.96ll27aAlJA> 



wo 96/lir70 



PCT/US95/13198 



-62- 

cycloheximide (+CMX; Sigma) in 4% sucrose (w/v) or 4% 
sucrose alone (-CXM) at 25«»C. Groups of 100 flies were 
placed in feeding tubes (Falcon 2017) containing two 1.0 x 
2.5 cm Whatmann 3MM filter paper strips that were soaked 
5 with a total of 250 fil of solution. 

For experiments on one day retention after massed or 
spaced training, flies were fed 35 mM CXM and (w/v) 5% 
glucose dissolved in 3% ethanol . Groups of 100 flies were 
placed in feeding txibes (Falcon 2017) containing one 1.0 x 
10 2.5 cm Whatmann 3MM filter paper strips that was soaked 
with a total of 126 /il of solution. 

For experiments on learning after one -cycle training, 
olfactory acuity, and shock reactivity, flies were fed a 5% 
glucose, 3% ethanol solution alone or 35 mM CXM in the 
15 glucose/ethanol solution. 

The feeding period was limited to 12-14 hrs prior to 
training, or to the 24 -hr retention interval after 
training. Flies which were fed prior to training were 
transferred directly to the training apparatus after 
20 feeding, siibjected to massed or spaced training, then 

transferred to test tubes containing filter paper strips 
soaked with 5% glucose during the 24 -hr interval. Flies 
which were fed after training were trained, then 
transferred immediately to test tubes containing filter 
25 paper strips soaked with 5% glucose solution which was 

laced with 35 mM CXM. Flies remained in the test tubes for 
the duration of the 24-hr retention interval. 

For heat- shock induction, flies were collected within 
two days of eclosion. placed in glass bottles in groups of 
30 about 600, and incubated overnight at 25'» C and 70% 
relative humidity. The next day, three hours before 
training, groups of approximately 100 flies were 
transferred to foam- stoppered glass shell vials containing 
a strip of filter paper to absorb excess moisture. The 
35 vials then were submerged in a 37<»C water bath until the 
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bottom of the foam stopper (inside the vial) was below the 
surface of the water, thereby insuring that the flies could 
not escape heat -shock. The vial remained submerged for 30 
min, after which the flies were transferred to a standard 
5 food vial for a 3-hr recovery period at 25* C and 70% 
relative humidity. Training began immediately after the 
recovery period. 

Pavlovian Leamina and Memorv and Testing 

Flies were trained with an automated version of the 

10 learning procedure of Tully, T. and W.G. Quinn, J. Con^. 
Physiol., 157: 263-277 (1985) • In brief , flies were 
trapped in a training chamber, the inside of which was 
covered with an electrif isible copper grid. Groups of about 
100 flies were eaqposed secjuentially to two odors [either 

15 octanol (OCT) or methylcyclohexanol (MCH) ] , which were 

carried through the training chamber in a current of air, 
for 60 seconds with 45 seconds rest intervals after each 
odor presenation. During exposure to the first odor, flies 
also were sxibjected to twelve 1.5 -second pulses of 60 V DC 

20 with a 5-second interpulse interval. After training, flies 
were transferred to food vials for a particular retention 
interval. Conditioned odor- avoidance responses then were 
tested by transferring flies to the choice point of a 
T-maze, where they were exposed simultaneously to OCT and 

25 MCH carried in the distal ends of the T-maze arms and out 
the choice point on converging currents of air. Flies were 
allowed to distribute themselves in the T-maze arms for two 
minutes, after which they were trapped in their respective 
arms, anesthetized and counted. The "percent correct" then 

30 was calculated as the number of flies avoiding the shock- 
paired odor (they were in the opposite T-maze arm) divided 
by the total number of flies in both arms. (The number of 
flies left at the choice point, which usually was less than 
5%, were not included in this calculation) . Finally, a 
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performance index (PI) was calculated by averaging the 
percent corrects of two reciprocal groups of flies -- one 
where OCT and shock were paired, the other where MCH and 
shock were paired -- and then by normalizing the average so 
5 that a PI-0 represented a 50:50 distribution in the T-maze 
and a PI=100 represented 100% avoidatnce of the shock-paired 
odor. For these studies, three different training 
protocols were used: 1. One-cycle training consisted of 
the training session just described. 2. Massed training 
10 consisted of 10 of these training cycles delivered one 

right after the other. 3. Spaced training consisted of 10 
training cycles with a 15-min rest interval between each. 
One -cycle training was used to assay learning, while massed 
and spaced was used to assay consolidated memories. 

15 Olfactory Acuitv and Shock Reactivitv 

different concentrations -- one (10**) usually used in 
conditioning experiments and a 100-fold (10*^) dilution 
thereof -- were quantified in various groups of flies in 

20 the absence of heat shock and 3 hr or 24 hr after heat 
shock with the method of Boynton, S. and T. Tully, 
Genetics, 131: 655-672 (1992). Briefly, flies are placed 
in a T-maze and given a choice between an odor and air. 
The odors are naturally aversive, and flies ususally choose 

25 air and avoid the T-maze arm containing the odor. For 
shock reactivity, flies are given a choice between an 
electrified grid in one T-maze arm, and an unconnected grid 
in the other. After the flies have distributed themselves, 
they are anesthetized, counted and a PI is calculated. 

30 Statistical Analyses of Behavioral Data 

Since each PI is an average of two percentages, the 
Central Limit Theorem predicts that they should be 
distributed normally (see Sokal, R.R. and F*J. Rohlf, 
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Biometry, 2nd Edition, W,H, Freeman ctnd Company, New York 
(1981)). This expectation was shown to be true by an 
empirical determination with data from Tully, T. and W,G. 
Quinn, J. Conp. Physiol., 157: 263-277 (1985) and Tully, T. 
5 and D. Gold, jr. Neurogenet. , 5: 55-71 (1993). Thus, 

untransformed (raw) data were analyzed parametrically with 
JMP2.1 statistical software (SAS Institute Inc., Gary NC) . 
Since preliminary experiments preceded all of the 
e3q>eriments summarized herein, all pairwise comparisons 

10 were planned. To maintain an experimentwise error rate of 
alpha e 0.05, the critical P values for these individual 
comparisons were adjusted accordingly (Sokal, R.R. and F.J. 
Rohlf , Biometry, 2nd Edition, W.H. Freeman and Company, New 
York (1981)) and are listed below for each experiment. 

15 All experiments were designed in a balanced fashion 

with N«2 Pis per group collected per day; then replicated 
days were added to generate final Ns. In each experiment, 
the experimenter (M.D.) was blind to genotype. 

A, One -day memory in wild- type flies fed CXM before 
20 or immediately after massed or spaced training (Figure 8): 
Pis from these four drug treatments (-CXM before, -CXM 
after, +CXM before and +CXM after) and two training 
procedures (massed and spaced) were subjected to a TWO-WAY 
ANOVA with DRUG {F^^^^b) = 8 . 93 ; P < 0.001) and TRAINing 
25 (F|i^5fi, « 18.10, P < 0.001) as main effects and DRUG x TRAIN 
(F«.$6) « 4.68, P « 0.006) as the interaction term. P 
values from subsequent planned comparisons are summarized 
in Figure 8. The six planned comparisons were judged 
significant if P s 0.01. 

30 B. One-day memory after massed or spaced training in 

dCR£B2-b transgenic flies (Figures 9A and 9B) : In 
experiments with the 17-2 transgenic line. Pis from two 
strains (Can-S and 17-2) and four training- regimens 
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(spaced-hs, spaced+hs, massed-hs and massed+hs) were 
SXibjected to a TWO-WAY ANOVA with STRAIN (F,i,40) = 1.57; P = 
0.22) and TRAINing- regimen {F,,,^, =25.81, P<0.001) as main 
effects and STRAIN x TRAIN (F,3,„) = 6.62, P - 0.001) as the 
interaction term. A similar analysis was done with data 
from the Mll-1 transgenic line, yielding STRAIN (F,i.40) = 
2.81; P = 0.10), TRAINing- regimen (F,3.,o) = 11.97, P < 
0.001) and STRAIN X TRAIN (F,3.40) = 3.37, P » 0-03) effects. 
P values from siabsequent planned comparisons are summarized 
in Figures 9A and 9B. In each experiment, the seven 
planned comparisons were judged significant if P s 0.01. 



C. Learning after one-cycle training in 17-2 
transgenic flies (Figure 9C) : Pis from two strains (Can-S 
and 17-2) and three heat-shock regimens [-hs, +hs (3 hr) 

J. I.- fiA v,-^ 1 ^a-r-a «siiV»-iftnt*»d to a TWO-WAY ANOVA with 

STRAIN (Fu.30) - 0.69; P = 0.41) and HEAT-shock regimen 
(F,2 30, - 10.29, P < 0.001) as main effects and STRAIN x 
HEAT (F,j.3o, = 0.71, P = 0.50) as the interaction term. P 
values from subsequent planned comparisons are summarized 
20 in Figure 9C. The three planned comparisons were judged 
significant if P s 0.02. 

D. One -day memory after spaced training in A2-2 
transgenic flies (Figure 10) : Pis from these three strains 
[wdBoCJD, 17-2 and A2-2J and two heat-shock regimens [-hs 
25 and +hs (3 hr)] were subjected to a TWO-WAY ANOVA with 
STRAIN (F„.3o, = 9.43, P < 0.001) and HEAT-shock regimen 
tv - 9 84 P = 0.004) as main effects and STRAIN x HEAT 

V* (1,30) - ^ - Ot , r 

(F = 5.71, P » 0.008) as the interaction term. P 
values from subsequent comparisons are summarized in Figure 
30 10. The six planned comparisons were judged significant if 
P i 0.01. 
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E. Olfactory acuity in 27-2 flies (Table) : Pis from 
these two strains {Can-S and 17-2;, four different 
odor-levels (OCT- 10^, OCT- 10-^ MCH-10° and MCH- lO'') and 
three heat-shock regimens [-hs. +hs (3 hr) and +hs (24 hr) ] 
5 were subjected to a THREE-WAY ANOVA with STRAIN (F(i,„4, = 
0.12, P « 0.73), ODOR-level (Fo.ie^i « 126.77, P < 0.001) 
and HEAT-shock regimen (Fu.ie«) =3.55, P « 0.03) as main 
effects, STRAIN x ODOR (Fca.ieo « 1-23, P = 0.30), STRAIN x 
HEAT (F(2^„4, « 0.33, P « 0,72) and ODOR x HEAT (F^^^ib*) = 
10 3.14, P « 0.006) as two-way interaction terms and STRAIN x 
ODOR X HEAT (Fj^^^.^j = 0.48, P = 0.83) as the three-way 
interaction term. P values from subsequent planned 
comparisons are summarized in the Table. The twelve 
plajmed comparisons were significaunt if P s 0,005, 

these two strains (Can-S and 17-2), two shock groups {60V 
and 20V) and three heat -shock regimens [-hs, +hs (3 hr) and 
+hs (24 hr)] were subjected to a THREE-WAY ANOVA with 
STRAIN (F<i,a^j = 0.50, P « 0.48), SHOCK (Fi^^e*) « 97,78, 

20 P<0.001) and HEAT-shock regimen (F^^.b^) «= 3.36, P « 0.04) as 
main effects, STRAIN x SHOCK (Fj^^g^, « 1.12, P = 0.29), 
STRAIN X HEAT (F^^.e*) « 1.06, P = 0.35) and SHOCK x HEAT 
(F(2^,4) » 6.66, P « 0.002) as two-way interaction terms and 
STRAIN X SHOCK x HEAT (F^a^g^, =1.75, P «0.18) as the 

25 three-way interaction term. P values from sxibsequent 

plamned comparisons are summarized in the TsUble. The six 
planned comparisons were judged significant if P ^ 0.01. 

G. Seven-day memory after spaced training in 17-2 
flies (Figure 11) : Pis from two strains (Can-S and 17-2) 
30 and two heat-shock regimens [-hs and +hs{3 hr) ] were 

subjected to a TWO-WAY ANOVA with STRAIN (Fj^^ao) = 6.09; P = 
0.02) and HEAT-shock regimen (Fji^jo, « 16.30, P = 0.001) as 
main effects and STRAIN x TRAIN (F^i^jo) = 7,73, P « 0.01) as 
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the interaction term. P values from sxibsequent planned 
comparisons are summarized in Figure 11 . The three planned 
comparisons were judged significant if P sO-02. 

H. One -day memory after spaced training in rsh;17-2 
5 double mutants (Figure 12) : Pis from three strains (17-2, 

rsh and rah; 17-2) and two heat -shock regimens C-hs and +hs 
(3 hr)] were subjected to a TWO WAY ANOVA with STRAIN 
(Fc2,30)« 32.05; P < 0.001) and HEAT-shock regimen (F(i,3o, = 
59.68, P< 0.001) as main effects and STRAIN x TRAIN (Fo^ao) 
10 = 11.59, P < 0.001) as the interaction term. P values from 
subsequent planned comparisons are summarized in Figure 12 . 
The five planned comparisons were judged significant if P s 
0.01- 

I. Learning after one-cycle training in rsh/27-2 

15 mutants (see text) : Pis from these two strains (Can-S and 
rBh;17^2) and two heat-shock regimens [-hs and +hs (3 hr) ] 
were subjected to a TWO-WAY ANOVA with STRAIN (F^i.ao) = 
86.85, P < 0.001) and HEAT-shock regimen (F^^ao, =0.02, P < 
0.89) as main effects and STRAIN x HEAT (Fti.^o) = 0.86, P - 

20 0.37) as the interaction term. P values from subsequent 
planned comparisons are summarized in the TadDle. The two 
planned comparisons were significant if P s 0.03. 

J. Olfactory acuity in r8h;17'2 flies (Table): Pis 
from these two strains (Can-S and rsh;17-2), four different 
25 odor-levels (OCT-10^ OCT-10-^ MCH-10*» and MCH-IO'^) and two 
heat-shock regimens [-hs, and +hs (3 hr) 3 were subjected to 
a THREE-WAY ANOVA with STRAIN (Fa.ns) = 0.02, P = 0.88), 
ODOR-level (F<3,ii2, = 50.03, P < 0.001) and HEAT-shock 
regimen (F^.i^^, = 29.86, P < 0.001) as main effects, STRAIN 
30 X ODOR (Fj^i^a, » 2.15, P = 0.10), STRAIN X HEAT (F(i,i„, = 

0,34, P « 0.56) and ODOR x HEAT (Ft3,i„, = 6.41, P = 0.001) 
as two-way interaction terms and STRAIN x ODOR x HEAT 
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<Fo.ii2) - 1-12, P - 0.35) as the three-way interaction 
term. P values from sxibsecpaent planned comparisons are 
summarized in the Table. The eight planned comparisons 
were judged significamt if P s. O.Ol. 

5 K. Shock reactivity in rsh;17'2 flies (TaUsle) : Pis 

from these two strains (Can-S and rah; 17 -2) , two shock 
groups (60V and 20V) amd two heat -shock regimens [-hs and 
+hs {3 hr)l were subjected to THREE-WAY ANOVA with STRAIN 
<F(i.5S) - 0.51. P « 0.48), SHOCK (F,i.sg, = 88.14. P < 0.001) 
10 and HEAT-shock regimen (Fa.sei =0.08, P = 0.77) as main 

effects, STRAIN x SHOCK (Fj^sj, = O. 12, P = 0.73. STRAIN x 
HEAT (F,x,58, « 0.03, P = 0.86) and SHOCK x HEAT (F,i.ss, = 
0.39, P - 0.53) as two-way interaction terms and STRAIN x 
SHOCK X HEAT (Fn,,,, - 1.58, P > 0.21) as the three-way 

comparisons are summarized in the Table, The four planned 
con^arisons were judged significant if P s O.Ol. 

Northern Analysis 

For RNA collection, the heat -shock regimen was the 

20 same as for behavioral experiments. For any indicated time 
interval between heat-shock and collection, flies rested in 
food -containing vials at 25 •C. Flies were collected and 
quickly frozen in liquid nitrogen. All Northern analyses 
used head RNA. The tube of frozen flies was repeatedly 

25 rapped sharply on a hard surface, causing the heads to fall 
off. The detached frozen heads were recovered by sieving 
on dry ice. Approximately 1000 heads were pooled for RNA 
preparation. Wild- type and transgenic flies for each 
individual time point always were processed in parallel . 

30 Flies that were not induced were hcuidled in a similar 
manner to induced flies, except that the vials were not 
placed at 37® C. Total head RNA was isolated from each 
group of flies, and poly A+ RNA was isolated using oligo dT 
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colunins according to the instructions of the meuiuf acturer 

(5' >3' Inc.). The concentration of poly A+ mRNA was 

measured spectrophotometrically, and 0.5 mg of tnRNA per 
lane was loaded and rxm on 1.2% formaldehyde -agarose gels. 
5 Northern blots were prepared, probed and washed (0.1 x BSC 
at 65**C) as described (Ausubel, F., Current Protocols in 
MoleculGtr Biology, John Wiley and Sons, New York, 1994) . 
For detection of the transgene, an 843bp dCR£B2-b cDNA 
fragment was subcloned into pKS+ and used to generate a 
10 uniformly- labeled antisense riboprobe. This fragment codes 
for the carboxyl- terminal 86 amino acids of the dCREB2'b 
protein plus 3' imtranslated mRNA, 

Western Blot Analysis a nd Antiserum 

Western blot analysis was performed using a rabbit 
15 antiserum raised against a peptide corresponding to 16 

amino acids in the basic region of the dCREB2-Jb cDNA with 
an additional COOH terminal Cys. The sequence of the 
peptide was: (SEQ ID NO.: 24) NH2-RKREIRLQKNREAAREC-COOH. 
The peptide was synthesized and coupled to Sulfo-SMCC 
20 (Pierce) activated keyhole lympet hemocyanin. The antigen 
was injected into rabbits (100 /xg) and boosted at two week 
intervals. Sera was bled and tested for immune reactivity 
towards bacterially-expressed dCREB2-b protein. The 
antiserum was passed through a CM Affi-gel Blue column 
25 (Biorad) , and the flow-through was concentrated by ammonium 
sulfate precipitation, resuspended and dialyzed against PBS 
(0.14 M NaCl, 2.7 mM KCl, 4,3 mM Na^HPO^THaO, 1.4 mM KH^PO^, 
pH 7.3) . The dialyzed serum was affinity-purified using a 
peptide column made using an Ag/7lb Immobilization kit 
30 (Immunopure from Pierce). After the antiserum was elated 
using a 4M MgCla, O.l M HEPES pH €.0 buffer, it was 
dialyzed into PBS and frozen. 

Each data point represents approximately 5 fly heads. 
Groups of about 25-50 flies were collected and quickly 
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frozen on liquid nitrogen irntil all of the time points had 
been collected. Heads were isolated resuspended in 
approximately 200 /xl of Ix Laemmli sample buffer, allowed 
to thaw and homogenized with a Dounce type B pestle. 
5 Sauries were boiled for 5 minutes, and centrifuged for 10 
minutes at room temperature in an Eppendof f 
microcentrifuge. The supematants were collected and 
boiled again just prior to loading onto protein gels. 
Standard procedures were used to separate equal amounts of 
10 proteins from each sample on 12% polyacrylamide-SDS gels 
and to transfer them to PVDF membrauies by electroblotting 
(Ausubel, F., Current Protocols in Molecular Biology, John 
Wiley and Sons, New York, 1994) . 

The membranes were blocked for 60 minutes with a 5% 
15 BSA solution made up in TEST (10 mM Tris, pH 7,9, 150 mM 
NaCl; 0,05% Tween 20), The priTnarj' antibod" v/as diluted 
1:1000 in TBST and incubated with the filter for 30 
minutes. The membranes were washed three times with TBST 
for 5 minutes each time and then incxibated for 30 minutes 
20 with an alkaline phosphatase -conjugated anti-rabbit IgG 
second antibody (Promega) diluted 1:7500 in TBST. The 
membranes were washed three more times as before and 
developed using a chromogenic alkaline phosphatase reaction 
according to manufacturers suggestions (Promega) . 

EK^^T?l9 3 Tr^ngqene Expression increased After H^ai^- 

Shock Induction 
In order to interpret the effects of transgene 
induction on behavior, dCREB2-b expression in transgenic 
flies (17-2) after heat-shock induction was measured. 
Northern blot analysis revealed elevated levels of hs- 
dC3lEB2-b message in the 17-2 flies immediately and three 
hours after heat -shock (Figure 7A) . This induction was 
also detectable in brain cells using in situ hybridization. 
Western blot showed increased dCREB2-b protein immediately 
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af ter induction (Figure 7B) . Elevated levels of the 
dCREB2-b protein were seen nine hours later and were still 
detecto±)le twenty four hours after induction. These data 
indicate that increased amounts of dCREB2-b existed in 
5 brain cells throughout spaced training, which ended about 
six hours after heat induction. 

The behavioral experiments also used transgenic flies 
(A2-2) which expressed a mutated dCREB2-b protein 
(dCREB2-mIiZ) . These mutations changed the two internal 
10 leucine residues of the leucine zipper to valine residues, 
and these changes have been shown to result in a protein 
which is unable to form dimers (Dwarki, V.J. et al., EMBO 
J., 9z 225-232 (1990)) In transient co-transf ection 
assays, the muteuit protein was unable to block 
15 PKA-dependent transcription mediated by dCREB2-a, while the 
wild- type protein had blocking fxmction. Western blot 
analysis showed that the wild- type and mutant blocker are 
expressed at similar levels beginning immediately after 
heat -shock induction and lasting for at least 6 hours 
20 (Figure 7C) . Therefore, it is unlikely that these two 
proteins have large differences in expression levels or 
stability in the transgenic flies. 

Northern blot analysis of two different housekeeping 
genes, myosin light chain (Parker, V.P., et al . , Mol . Cell 
25 Biol., 5: 3058-3068 (1985)) and elongation factor a 

(Hovemann. B., et al.. Nucleic Acids Res., 16: 3175-3194 
(1988)), showed that steady-state levels of their RNAs were 
unaffected after transgene induction for at least 3 hours. 
Gel shift analysis using two different consensus DNA 
30 binding sites showed that there was no large effect on the 
gel shift species which formed after transgene induction 
for at least 9 hours. Cotransf ection of the blocker did 
not interfere with the activity of a transcription factor 
from a different family in cell culture. Considered 
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together, hB*dCREB2'b probsd^ly had fairly specific 
molecular modes of action after induction. 

E?gawlg 4 Assessment of the Role of CREBs i n Long-Term 

Memory Formation 
5 Flies were fed 35 mM cycloheximide (CXM) for 12-14 

hours before, or for the 24 -hr retention interval 
immediately after, massed or spaced training (Figure 8) . 
Each of these CXM feeding regimens significantly reduced 
one -day memory after spaced training but had no effect on 

10 one-day memory after massed training (Figure B) . Thus, 
cyclohexmide feeding immediately before or after spaced 
training disrupts one-day memory. These results suggest 
that protein synthesis is required soon after training for 
the formation of long- lasting memory. 

IS The results jLIi Pxguz'e o oliOw uhau cydohexirriiu^ 

feeding affects one-day retention after spaced training but 
not massed training. Different groups of wild-type (Can-S) 
flies were fed 5% glucose solution alone (hatched bars) or 
laced with 35 mM CXM (striped bars) either for 12-14 hr 

20 overnight before massed or spaced training or for the 24 -hr 
retention interval immediately after training. One -day 
memory retention was significantly lower than normal in 
flies fed CXM before (P < 0.001) or after (P < 0.001) 
spaced training. In both cases, one-day retention in CXM- 

25 fed flies was reduced to a level similar to one-day memory 
after massed training in glucose-fed flies (P » 0.88 for 
CXM before training and P = 0,71 for CXM after training) - 
In contrast, no difference was detected between CXM-fed and 
control flies for one -day memory after massed training (P = 

3 0 0.49 and P « 0.46, respectively). 

One day retention after spaced training was unaffected 
in uninduced (-hs) transgenic flies (17-2) but was 
signif icsmtly reduced in induced (+hs) transgenic flies 
(Figure 9A) . In contrast, one-day retention after massed 
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training was normal in both uninduced and induced 
transgenic flies (Figure 9A) . Comparisons of one-day 
retention after spaced or massed training between wild- type 
flies with (+hs) or without (-hs) heat -shock indicated that 
5 the heat -shock regimen itself did not have a non-specific 
effect on memory after either training protocol. Thus 
induction of the dCREB2'b transgene only affected (i.e., 
disrupted) one-day memory after spaced training. 

One day retention after spaced or massed training in 

10 Mll-l, a second line carrying an independent hs-dCREB2-b 
insertion, also was tested. Results with were 
similar to those obtained with 17-2 (Figure 9B) . These 
results show that the effect of induced h8'dCREB2-b does 
not depend on any particular insertion site of the 

15 transgene . 

The results in Figures 9A-9C show that induction of 
the dCREB2'b transgene disrupts one-day memory after spaced 
training, while one-day memory after massed training and 
learning are normal . 

20 In Figure 9A, different groups of wild-type (Can-S) 

flies (hatched bars) or hs-dCREB2-b transgenic (17-2) flies 
(striped bars) were given spaced training or massed 
training in the absence of heat shock (-hs) or three hours 
after heat shock (+hs) . After training, flies were 

25 transferred to standard food vials and stored at 18**C until 
one-day memory was assayed. No differences in one-day 
memory after spaced or massed training were detected 
between Can-S vs. 17-2 flies in the absence of heat shock 
(-hs; P = 0.83 and 0,63, respectively). When flies were 

30 trained three hours after heat shock (+hs) , however, one- 
day memory was significantly different between Can-S v. 17- 
2 flies after spaced training (P < 0.001) but not after 
massed training (P = 0.23). In fact, the one -day memory 
after spaced training was no different than that after 

35 massed training in induced 17-2 flies (P 0.59) . In 
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addition, the heat -shock regimen did not produce a non- 
specific effect on one-day retention after spaced (P = 
0-59) or massed (P « 1.00) training in Can-S flies, N=6 
performance indices (Pis) per group. 
5 The experiment described in Figure 9A was repeated in 

Figure 9B with a second, independently derived dCREB2'b 
tramsgenic line, *fll -I (striped bars) . Here again, a) no 
differences in one-day memory after spaced or massed 
training were detected between Can-S vs. Mll-l flies in the 

10 absence of heat-shock {-hs; P = 0.83 and 0.86, 

respectively) , b) a significant difference between Can-S v. 
Mll-1 for one-day memory after spaced training (P < 0.001) 
but not after massed training (P = 0.85) when trained three 
hours after heat-shock (+hs) , c) one-day memory after 

15 spaced training was no different than that after massed 

training in induced ftfll-I flies (P « 0.43) and d) the heat- 
shock regimen did not produce a non-specific effect on one- 
day retention after spaced (P = 0.59) or massed (P = 0.94) 
training in Can-S flies. N=6 Pis per group. 

20 If induction of the transgene specifically affected 

LTM via disruption of gene expression, then learning should 
not be affected, since it does not require new protein 
synthesis. Different groups of flies were trained using 
one -cycle training either without heat -shock, or three or 

25 twenty four hours after heat-shock. These time points 

after induction were selected to correspond to the times 
when flies were trained and tested in the previous 
experiments (see Figures 9A euid 9B) . Induction of the 
transgene (d-CREB2'b) in the 17-2 line had no effect on 

30 learning in either case (Figure 9C) . 

In Figure 9C, different groups of Csm-S flies (hatched 
bars) or 17-2 transgenic flies (striped bars) received one- 
cycle training in the absence of heat shock (-hs) or three 
(+hs 3hr) or 24 (+hs 24hr) hours after heat -shock and then 

35 were tested immediately afterwards. In each case, no 
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differences between Can-S vs. 17-2 flies were detected (Ps 
« 0.28, 0.64 and 0.42, respectively), indicating that 
learning was normal in induced or uninduced transgenic 
flies. N=6 Pis per group. 
5 Induction of the transgene which contained the mutant 

blocker (A2-2) did not affect one-day retention after 
spaced training, while the wild-type blocker (17-2) had a 
dramatic effect (Figure 10) . The wdso CJl) flies, whose 
one-day retention also was unaffected by heat induction, is 
10 the isogenic control for the mutant blocker transgenic 

flies. Since Western blot analysis showed that wild-type 
and mutant blockers probably have similar expression 
levels, this result suggests that the blocker requires an 
intact leucine zipper to function effectively, 
15 Figure 10 shows that induction of the hs-dCREB2'TRLZ 

mutant blocker does not affect one-day retention after 
spaced training. Different groups of wild- type [w (iso 
CJl)], h3'dCREB2'b transgenic (17-2) or mutant 2is-dCR£:B2- 
mLZ transgenic flies (A2'2) received spaced training in the 
20 aJDsence of heat-shock (-hs) or three hours after heat-shock 
(+hs) . The flies were then handled and tested as in Figure 
9A. No differences in one-day memory after spaced training 
were detected between wdsoCJl) vs. 17-2 flies or between 
wdsoCJl) vs. A2-2 flies in the absence of heat shock (-hs; 
25 P = 0.38 and 0.59, respectively). When flies were trained 
three hours after heat shock {+hs) , however, one -day memory 
after spaced training was significantly different between 
wliaoCJl) vs. 17-2 flies (P < 0.001) -- as in Figure 9A -- 
but was not different between w(isoCJl) vs. A2-2 flies (P = 
30 0.78) . In addition, the heat-shock regimen did not produce 
a non-specific effect on one-day retention after spaced 
training in wdsoCJl) or A2-2 flies (P = 0.40 and P = 0.97. 
respectively. N«6 performance indices (Pis) per group. 

Olfactory acuity and shock reactivity are component 
35 behaviors essential for flies to properly learn odor-shock 
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associations . The Table shows the scores for these 
peripheral behaviors for Can-S versus 17-2 flies. With or 
without heat -shock, olfactory acuity and shock reactivity 
were normal in 17-2 transgenic flies. Thus, h8-dCREB2'b 
5 induction does not affect olfactory acuity or shock 
reactivity. 

If induction of hs-dC32EB2-b blocks long-term memory 
(LTM) , then long- lasting memory also should be blocked. In 
wild- type flies, seven-day retention after spaced training 

10 consists solely of the CXM-sensitive LTM because the CXM 
insensitive ARM component has decayed away. In uninduced 
treuisgenic flies (17-2) , seven-day retention after spaced 
training was similar to retention in uninduced wild- type 
flies (P = 0.83; Figure 11). Seven-day retention was 

15 severely disrupted, however, in transgenic flies which were 
trained three hours after heat-shock (P = 0.001) and did 
not differ from zero (P « 0.91). In contrast, the heat- 
shock protocol had no detectc±>le effect on seven-day memory 
in wild-type flies (P « 0.39). Thus, induction of 

20 hs-dCREB2-b disrupts long-term memory (LTM) . 

Figure 11 shows that induction of hs-dCREB2-b 
completely abolishes 7 -day memory retention. Previous 
analyses of radish mutants indicated that memory retention 
four or more days after spaced training reflects the sole 

25 presence of LTM. Thus, the effect of induced h8'dCREB2'b 
on LTM was verified by comparing 7 -day retention after 
spaced training in Csm-S (hatched bars) vs. 17-2 transgenic 
(striped bars) flies that were trained in the absence of 
heat -shock (-hs) or three hours after heat shock (+hs) . 

30 Flies were stored in standard food vials at 18 «C during the 
retention inteirval. N=S Pis per group. Seven-day 
retention after spaced training did not differ between Can- 
S and 17-2 in the absence of heat-shock (P = 0.83) but was 
signif icaintly lower than normal in 17-2 flies after heat- 

35 shock (P « 0.002) . In fact, 7-day retention after spaced 
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training in induced 17-2 transgenic files was not different 
from zero (P = 0.92). In addition, the heat-shock regimen 
did not affect 7 -day retention after spaced training non- 
specifically in Can-S flies (P = 0.39). 
5 If induction of the hS'dCREB2-h transgene specifically 

blocks LTM, then it should only affect the CXM- sensitive 
component of consolidated memory after spaced training. 
For both transgenic lines, 17-2 and Mll-1, the effect of 
trcoisgene induction looked similar to the effect that CXM 

10 had on wild-type flies (compare Figure 8 with Figures 9A 
and 9B) . This similarity suggested that the induced 
dCREB2-b protein completely blocked CXM-sensitive memory, 
leaving ARM intact. The radish mutation disrupts ARM 
(Folkers, E., etal., Proc .Natl .Acad. Sci . USA, 90i 8123- 

15 8127 (1993)), leaving only LTM one day after spaced 

training. Thus, a radish hs~dCREB2'h "do\ible mutant" (rsh; 
17-2) was constructed to allow examination of LTM in the 
absence of ARM. In the absence of heat -shock, rsh; 17 -2 
double -mutants and radish single-gene mutants yielded 

20 equivalent one -day retention after spaced training (Figure 
12) . In contrast, when these flies were heat -shocked three 
hours before spaced training, one-day retention was 
undetectad^le in rsh; 17-2 flies but remained at mutant 
levels in radish flies. The double mutant also showed 

25 normal (radish-like) learning (P - 0.59) and normal 

(wild- type) olfactory acuity and shock reactivity in the 
absence of heat -shock versus three hours after heat shock 
(see the Table) . 

Figure 12 shows that induction of hS'dCREB2'h 

30 completely abolishes one-day memory after spaced training 
in radish; 17-2 "doxible mutants." Since radish is known to 
disrupt ARM, a clear view of the effect of hS'dCREB2-b on 
LTM was obtained in radish; 17-2 flies. One-day retention 
after spaced training was assayed in rsh; 17-2 double 

35 mutants and in 17-2 and rsh single-gene mutants as 
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controls. Flies were trained in the absence of heat-shock 
(hatched bars) or three hours after heat -shock (striped 

bars) amd stored at 18 ®C during the retention interval. Ab 

usual, induction of i2s-dCREB2-±> produced significantly 
5 lower one-day memory after spaced training in 17-2 flies 
(P < 0.001). The heat -shock regimen, however, had no 

effect on such memory in radish mutants 
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CP « 0-52), which reflects only the presence of LTM, In 
contrast, heat-shock produced significantly lower scores in 
rash;17'2 double mutants (P < 0.001), which were not 
different from zero (P « 0.20) • N»6 Pis per group. 

5 

The following materials and methods were used in the 
work described in Exanqples 5 and 6, 

PavXovian Learning and Memory and Testing 
10 During one training session, a group of about 100 

flies was exposed secpientially to two odors [either octanol 
(OCT) or methylcyclohexanol (MOi) ] for 60 seconds with 45- 
second rest intervals after each odor presentation. During 
exposure to the first odor, flies received twelve 1.5- 
15 second pulses of 60 V DC with a 5 -second interpulse 
interval . 

After training, flies were transferred to food vials 
and stored at 18<*C for a seven-day retention interval. 
Conditioned odor- avoidance responses then were tested by 

20 transferring files to the choice point of a T-maze, where 
they were exposed simultaneously to OCT and MCH carried on 
converging currents of air in the distal ends of the T-maze 
arms and out the choice point . 

Flies were allowed to distribute themselves in the T- 

25 maze arms for 120s, after which they were trapped in their 
respective arms, anesthetized and counted. The "percent 
correct" then was calculated as the number of flies 
avoiding the shock-paired odor (they were in the opposite 
T-maze arm) divided by the total number of flies in both 

30 arms. {The number of flies left at the choice point, which 
usually was less tham 5%, were not included in this 
calculation.) Finally, a performaince index (PI) was 
calculated by averaging the percent corrects of two 
reciprocal groups of flies one where OCT and shock were 

35 paired, the other where MCH and shock were paired- -and then 
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by normalizing the average so that a PI=0 represented a 
50:50 distribution in the T-maze and a PI=100 represented 
100% avoidance of the shock-paired odor. 

All behavioral experiments were designed in a balanced 
5 fashion with N=2 Pis per group collected per day; then 
replicated across days to generate final Ns. In all 
experiments, the experimenter was blind to genotype. 

Statistical Analyses of Behavior Data 

10 Pis are distributed normally (Tully, T. and D. Gold, 

i7. Neurogenet. , 9z 55-71 (1993)). Consequently, 
untransf ormed (raw) data were analyzed parametrically with 
JMP3.01 statistical software (SAS Institute Inc., Gary NO . 
Negative accelerating exponential Gompertz (growth) 

15 functions (see Lewis, D. , Quantitative Methods in 

Psychology, McGraw-Hill, New York, New York (1960) ) were 
fit to the data in Figures 13A and 13B via nonlinear least 
squares with iteration. 

20 Example 5 Effect on Long Term Memorv of Repeated 

Ty^ta-nipq $^?gj-pns 
Seven-day memory retention (a measure of long term 
memory) in wild-type (Can-S) flies is induced incrementally 
by repeated training sessions. An automated version of a 

25 discriminative classical conditioning procedure was used to 
electroshock flies during exposure to one odor (CS+) but 
not to a second odor (CS-) . Seven days after one or more 
training sessions, memory retention of conditioned odor 
avoidance responses was quantified in a T-maze, where flies 

3 0 were presented the CS+ and CS- simultaneously for 120 
seconds . 

In Figure 13A, long term memory as a function of the 
number of training sessions is indicated by open circles. 
One training session produced a mean performance index 
35 {PI±SEM; Note 1) near zero. Additional training sessions 
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with a IS-minute rest interval between each, however, 
yielded a steady increase in mean Pis with a iticocimum of 39 
after ten training sessions. Ten additional training 
sessions produced similar performance. A nonlinear 
5 "growth" function (solid line) was fit to the individual 
Pis using an iterative least squares method, N « 13, 6, 6, 
6, 13, 7, 7, 7, 7, 6, 7 and 7 Pis for groups receiving 1- 
10, 15 and 20 training sessions, respectively. 

10 g?c^mplg $ Effect on Long Term Memory of the Rest 

Interval Between Each Training Session 
Seven- day memory retention (a measure of long term 
memory) in wild- type (Can-S) flies is induced incrementally 
by the rest interval between each training session. As 
15 described in Example 5, an automated version of a 

electroshock flies during exposure to one odor (CS+) but 
not to a second odor (CS-) . Seven days after one or more 
training sessions, memory retention of conditioned odor 
20 avoidance responses was quantified in a T-maze, where flies 
were presented the CS+ and CS- simultaneously for 120 
seconds . 

In Figure 13B, long term memory as a function of the 
rest interval is indicated by open circles. Ten training 

25 sessions with no rest interval between each (massed 

training) produced a mean PI near zero. Increasing the 
rest interval between each of ten training sessions yielded 
a steady increase in mean Pis with a maximum of 34 for a 
10-minute rest interval. Rest intervals up to ten minutes 

30 longer produced similar performance, A nonlinear growth 
function (solid .line) was fit to the data as ahove. N ^ 
12, 6, 6, 6, 6, 13, 7, 7, 7, 7, 7, 7 and 7 Pis for groups 
receiving 0-10, 15 and 20 minutes of rest between each 
training session. 

35 
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The following materials and methods were used in the 
work described in Examples 7-10. 

IfiQlatina Transgenic Flies 
5 EcoRI restriction sites were added (using PCR) just 5' 

to the putative translation initiation site and just 3' to 
the translation termination site in the dCREB2'a cDNA. 
This fragment was sequenced and subcloned into CaSpeR hs43, 
a mini-white transformation vector which contains the hsp70 
10 promoter, in the orientation so that the dCREB2-a open 
reading frame is regulated by the hsplO promoter. Germ- 
line transformation was accomplished by injecting into 
isogenic wdsoCJl) embryoes using standard technic5n^es 
(Spradling, A.C. and G.M. Rubin, Science, 218: 341-347 
15 (1982); Riibin, G.M. and A. Spradling, Science, 218i 348-353 
(1982) ) . By injecting DNA into the relatively homogeneous 
genetic background of w(isoCJl) , outcrossing of the 
resulting germ-line transf ormants to equilibrate 
(heterogeneous) genetic backgrounds was not necessary. Two 
20 transgenic lines, C28 and C30, each with one independent P- 
element insertion were generated and characterized. They 
appeared normal in general appearance, fertility and 
viability. Flies homozygous for the C28 or C30 transgene 
were bred and used for all experiments. 

25 

Heat Shock Reaimen 

For heat-shock induction, flies were collected within 
two days of eclosion, placed in glass bottles in groups of 
about 600, and incxibated overnight at 25*0 and 70% relative 

30 humidity. The next day, three hours before training, 

groups of approximately 100 flies were transferred to foam- 
stoppered glass shell vials containing a strip of filter 
paper to absorb excess moisture. The vials then were 
submerged in a 37<>C water bath until the bottom of the foati 

35 stopper (inside the vial) was below the surface of the 
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vater, thereby insuring that the £lies could not escape 
heat-shock. The vial remained submerged for 30 minutes / 
after which the flies were tramsferred to a standard food 
vial for a 3-hr recovery period at 25 ®C and 70% relative 
5 humidity. Training began immediately after the recovery 
period . 

Statistical Analyses of Behavior Data 

Pis from the three strains (Can-S, C28 and C30) and 

10 six training- regiments (Ix+hs, 2xmassed+hs, lOxmassed-fhs, 
Ix-hs, 2xmassed-hs and lOxmassed-hs) were stibjected to a 
TWO-WAY ANOVA with STRAIN (F^^^ io2)«48.34; P <0.001) and 
TRAINing- regimen (F(5^ io2j=25 .47, P <0.001) as main effects 
and STRAIN x TRAIN (Fjio, io2)^5.85, P <0.001) as the 

15 interaction term. Since preliminary experiments preceded 
cill of th^ ^xp^ri™^ntB STinnTl^.Tl^^^ herein, all paiirwiae 
comparisons were planned. To maintain an experimentwise 
error rate of alpha » 0.05, the individual comparisons 
summarized in Figure 15B were judged sigrnificant if P < 

20 0.002 (Sokal, R.R. and F.J. Rohlf, Biometry, 2nd Edition, 
W.H. Freeman and Company, New York (1981)). 

Example 7 A Molecular Switch for the Formation of Lena 

25 Figure 14 presents a conceptual method of a molecular 

switch for the formation of LTM, based on differential 
regulation of CREB isoforms with opposing functions. 

Immediately after one training session, the relevant 
CREB activators and repressors are induced. Their combined 

30 fiinctions (rather thaui molecular concentrations) are 

equivalent and yielded no net effect of CREB activators. 
Thus, repeated sessions of massed training (no rest 
interval) never induce LTM (see Figure ISA) . CREB 
repressors functionally inactivate faster than CREB 

35 activators, however, yielding an increasing net effect of 
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CREB activators (AC) with time (see Figure 13B) . If AC is 
positive at the end of a particular rest interval during 
spaced training, then CREB activators are free to initiate 
downstream events involved with the formation of LTM. 
5 Usually, AC after one training session is not large enough 
to yield much LTM. Thus, repeated spaced training sessions 
serve to increase AC incrementally eventually to produce 
maximal LTM (see Figure 13A) . 

Experimental verification of two predictions from this 
10 model involving CREB as a molecular switch for long term 
memory formation is shown in Figures 15A-15C and discussed 
in Examples 8-10. 

Example 8 Effect on Long Term Memory of Having Equal 

15 Amounts of CREB Activators and Repressors 

TniTngdiat^elv A-fttf^y One TT-aining Sesaion 
The model of a molecular switch for LTM predicts that 
the functional effects of all CREB activators and 
repressors are equal immediately after one training session 

20 (AC=0) , If no rest interval occurred between additional 
training sessions (massed training) , then functional CREB 
activator would not accumulate, thereby preventing the 
induction of downstream events required for LTM induction. 
To test this notion, wild-type (Can-S) flies were 

25 subjected to 48, instead of the usual 10 (see Figure 15B) , 
massed training sessions (48x massed) or, as a positive 
control, to 10 spaced training sessions with a 15 -minute 
rest interval (lOx spaced) . Seven-day memory after such 
massed training was near zero (Figure 15A) , while that 

3 0 after spaced training was near its usual maximum value (se€ 
Figure 13A) . Thus, nearly five times the usual amount of 
massed training still did not induce LTM. N=6 Pis for eacl 
group . 

Pis from two groups (lOx spaced or 48x massed) of 
35 wild-type (Can-S) files were subjected to a ONE-WAY ANOVA 
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with GROUP (Fjioi=51.13; P <0.001) as the main effect. A 
subsequent planned comparison revealed that the mean PI of 
, the 48x massed group did not differ significantly from zero 
<tuoj-l-66; P-0.127) . 

5 

EX^Tnpj-g ^ Effect on Long Term Mem ory of Tncreasino 

Amounts of CREB Activator 
The model of a molecular switch for LTM predicts that 
experimentally increasing the amount of CREB activator will 
10 eliminate the requirements for at least 10 repeated 

training sessions with a 10 -minute rest interval between 
each to produce maximal LTM. 

To test this idea, two transgenic lines (C28 and C30) 
carrying an inducible h8p'dCREB2-a activator construct 
15 inserted into different cytological locations were 

generated. Different groups of flies from these two 
transgenic lines were subjected, along with wild- type (Can- 
S) files, to 1 (Ix) 2 (2x) or (lOx) massed training 
sessions three hours after heat-shock induction of the 
20 transgene (induced) or in the absence of heat -shock 
(uninduced) . 

Without heat-shock, seven-day memory in all three 
strains did not differ from zero after one, two or ten 
massed training sessions (all Ps > 0.002) . With heat- 

25 shock, seven-day memory in wild- type flies remained near 
zero in each massed training group (all Ps > 0.002) . In 
contrast, seven-day memory was significant (near the 
maximum of 35) after ten massed sessions in both the C28 
and C3 0 transgenic lines (all Ps < 0.0001) . Moreover, 

30 seven-day memory after one training session was similar to 
that after ten training sessions in both C28 (P « 0.89) and 
C30 (P « 0.B9) transgenic flies. Thus, maximum LTM was 
induced after just one training session in transgenic flies 
expressing aJDnormally high levels of CREB activator. N=10, 
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4 and € Pis for each group of Can-S, C28 and C30, 
respectively . 

Example 10 Olfactory Acuity and Shock Reactivity 

5 Odor avoidance responses to OCT or to MCH were 

cpiantified with the method of Boynton, S. and T. Tully, 
Genetics, 131: 655-672 (1992), given a choice between an 
odor and air. The odors are naturally aversive, and flies 
usually chose air and avoided the T-maze arm containing the 

10 odor. After 120 seconds, the flies were trapped in their 

respective arms of the T-maze, anesthetized and counted. A 
PI was calculated as a noirmalized percent correctly 
avoiding the odor (cf . Example 5) . Pis from these two 
strains and two odor-groups (OCT and MCH) were sxibjected to 

15 a TWO-WAY ANOVA with STRAIN (Fa. 12) =1-57, P=0.23) and ODOR 
(F;. ,.j=0.07. P=0-80) as main effects and DRUGxODOR 
(F(i^i2j=0 • 15, P=0.71) as the interaction term. The two 
subsequent planned comparisons were judged significant if 
P < 0.025. 

20 Shock reactivity was quantified with the method of 

Dura, J-M., et al . , J. Neurogenet., 9: 1-14 (1993) in wild- 
type (Can-S) flies, or in a transgenic line {C28) carrying 
an inducible i2sp-dCREB2-a construct, three hours after a 
30-minute heat shock at 37«C. Briefly, flies were placed 
25 in a T-maze and given a choice between an electrified grid 
(60V DC) in one T-maze arm and an unconnected grid in the 
other. After 120 seconds, the flies were trapped in their 
respective T-maze arms, anesthetized and coxinted. A PI was 
calculated as for olfactory acuity. Pis from these two 
30 strains were sxibjected to a ONE- WAY ANOVA with STRAIN {F^^^ 
€,=13.03, P=0.01) as the main effect. 

Naive avoidance responses to odors or to shock three 
hours after heat -shock did not differ between wild-type 
(Can-S) versus transgenic {C28) flies for the two odorants 
35 (MCH and OCT) used for conditioning experiments (P=0.27, 
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0.55, respectively) . N»4 Pis per group. Naive shock 
avoidouice responses three hours after training for 
transgenic flies were slightly lower than those for wild- 
flies (P«=0.01) . N«4 Pis per group. 

5 

Examples 11-13 pertain to the Drosophlla nitric oxide 
synthase work. 

gxan^pXg 3,1 Low Strinqencv Hvbridization to a Phage 

10 Library of the DroBoryhilsi Genome and 

Screening of Drosoiphila cDNA Librarv 
6x10* plagues of a genomic Droaophxla XDASH library 
with the 1.3 kb Bgl II fragment of rat neuronal NOS cDNA 
(residues 3282-4573) under low stringency conditions of 40% 

15 formamide were screened as described in W.M. McGinnis et 
al . , xvature j08z 428 {x^o4) . Fifty positive phage were 
purified and grouped based on inter se hybridization. The 
contig containing the 2.4R fragment of dNOS was comprised 
of 15 phage clones. Regions of cross -hybridization to the 

20 rat probe were identified, subcloned and three of them were 
sequenced. The other two did not contain sequences 
homologous to any protein in the database. A Drosophlla 
head cDNA library (a gift from P. Salvaterra) was screened 
with the 2.4R fragment isolated from phage clone X8.ll in 

25 standard conditions. All phage purification and cloning 
steps were done with standard methods (J. Sambrook, E.F. 
Fritsch, T. Msmiatis, Moleculair cloning: A Laboratory 
Manual (Cold Spring Harbor Laboratory, Cold Spring Harbor, 
NY, 1989) ) . cDNA fragments were subcloned into Bluescript 

30 (Stratagene) and sequenced on both strands with Sequenase 
2.0 (USB). 
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Example 12 Activity of Drosoohila Nitric Oxide Synthase 

The expression construct for activity assays contained 
dNOS cDNA (with an Xbal site engineered inunediately 
5 upstream of the ATG codon) cloned into the JCbal and Smsil 
sites of the pCGN expression vector [M. Tanaka and W. Herr, 
Cell, 60z 375 (1590)1. 293 human kidney cells were 
transfected with 15/xg of the dNOS construct, or vector DNA, 
and precipitated with calcium phosphate as described in 
10 [M.J. Imperiale, L.T. Feldman and J.R. Nevins, Cell, 35 i 

127 (1983)]. Cells were collected 2 days later and protein 
extracts were prepared as described in [J. Sambrook, E.F. 
Pritsch, T. Maniatis, Molecular cloning: A Laboratory 
Manual (Cold Spring Harbor Laboratory, Cold Spring Harbor, 
15 NY, 1989)] - 

The fusion protein for raising anti-DNOS antibodies 
was made by cloning a 0.29 Icb SamllOSI-SacI fragment of 
dNOS cDNA (this fragment codes for 97 N- terminal amino 
acids of dNOS ORF) into EcoRI site of pGEX-KG [K. Guan and 
20 J.E. Dixon, Anal. Biochem. , 192: 262 (1991)]. The fusion 
protein was expressed in BL21 E. coli strain and purified 
over Glutathione -Sepharose columns (Pharmacia) as described 
in [G.J. Hannon, D. Demetrick, D. Beach, Genes & Dev., 7: 
2378 (1993)] . Immunization of rabbits, and serum 
25 preparation, was done by Hazleton Research Products, Inc. 
(Denver) . The DNOS protein was detected on Western blots 
using a 1:500 dilution of rsibbit serum, and cross -reacting 
bands were visualized with anti-rabbit alkaline phosphatase 
conjugate (Promega) according to the protocol provided. 
30 The enzymatic assay was done essentially as described 

previously (D. Bredt and S. Snyder, Proc. Natl. Acad. Sci . 
USA, 87: 682 (1990)] . A 100 ml reaction mixture containing 
25 fil (50-100 fig) of solxible protein extract, SO mM Hepes 
pH 7.4, 3 fiM FAD, 3/xM FMN, 10 tetrahydrobiopterin (ICN) , 
35 1 mM DTT, .8 mM CaCl^, 1 mM NADPH, 10 fig/ml calmodulin, 2^il 
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of ['H]L-arginine (35.7 Ci/mmol, NEN) and 50 tnM L-valine in 
was incubated for 60 minutes at 37®C. The reaction was 
stopped with 0.5 ml 20 mM Hepes pH 5.5, 2tnM EDTA, 2tnM EGTA, 
loaded on 0.5 ml Dowex AG 50WX-8 (Na* form) column and 
eluted with 3x0.5 ml of the stop buffer. Radioactivity 
present in the eluent was quantified in a scintillation 
counter . 

Figures 17A-17B show the expression of DNOS enzymatic 
activity in 293 kidney cells. Figure 17A shows the results 
of a Western blot analysis of protein extracts from 293 
cells transfected with vector alone (lane 293 + vector) or 
with dNOS cDNA construct (lane 293 + dNOS) . 25 fig of 
soluble protein extracts was resolved on 7.5% 
polyacrylamide gel, transferred to nitrocellulose membrane 
15 and treated with anti-DNOS antibody. The arrow indicates 
the Dosition of nwoR n^^-it-i 

weight markers (in kD) are shovm on the left. 

Figure 17B shows siginificant DNOS enzyme activity 
measured in 293 cell extracts by conversion of ^H-L- 

20 arginine to ^H-L-citrulline , Enzymatic activity was 

detected only in cells transfected with dNOS cDNA construct 
(groups B-D) and is presented as specific activity {pmol of 
citrulline/mg/min.) . The DNOS activity also was measured 
in the presence of 1 mM EGTA without exogenous Ca^* or 

25 calmodulin (group C) , or in the presence of 100 mM L-NAME 
(group D) . N»4 reactions per group. 

EygiffPlg 1? Splicing Pattern of dKn.g 

Heads and bodies of adult flies were separated on 

30 sieves. Total RNA was isolated by the guanidinium 

isothiocyanate method [P. Choraczynski suid N. Sacchi, Anal. 
Blochem., 162i 156 (1987)]. Poly (A)* RNA selection. 
Northern blot and hybridization were done with standard 
methods (J. Sambrook, E.F. Fritsch, T. Maniatis, MolBcular 

35 cloning: A Laboratory Manual (Cold Spring Harbor 
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LaJDoratory, Cold Spring Harbor, NY, 1989)], The blot was 
hybridized with random-primed dNOS cDNA (10*cpm/ml) , washed 
in 0-lxSSC and 0.1% SDS at 65°C and exposed to X-ray film 
for 72 hours. Two 25-mer primers [corresponding to 
5 residues 1374-1399 (the top primer) and 1793-1817 (the 
bottom primer) in the dNOS sequence] were used to amplify 
fragments of two dNOS splice products. Each RT-PCR 
reaction contained 30 ng of poly (A)* head RNA. In the 
first stage (RT) , 90 ng of the bottom primer and 5U of rTth 

10 polymerase (Perkin-Elmers) were added and the mixture was 
incubated in the MJ Research Minicycler* in the following 
sequence of conditions: 95®C/1 minute, 67<>C/45 seconds, 
70*»C/13 minutes. The second stage (PCR) was carried out as 
follows: 94«^C/45 seconds, 63«C/45 seconds, 70^C/90 seconds 

15 and was repeated for 35 cycles. Products of the reaction 
«^ere analyzed on a denaturing polyacrylamide (8%) gel. 
Bands of interest were isolated, reamplified, cloned into 
pCRlOOO (InVitrogen) and sequenced with Sequenase kit 
(USB) . 

20 Northern blot analysis of dNOS expression in adult 

flies shows a 5 . 0 kb dNOS transcript present in heads 
(Figure 18A) . Each lane contained 10 mg of poly (A) * mRNA 
isolated from Drosophila heads (H) or bodies (B) . The 
Northern blot was hybridized with the dNOS cDNA as 
25 described above. Positions of size markers (in kb) are 
shown on the left. The blot was overprobed with myosin 
light chain (MLC) (Parker, V.P,, Mol. Cell Biol. 5: 3058- 
3068 (1985)) as a standard for RNA concentration. 

Figure 18B shows that the dNOS gene expresses two 
30 alternatively spliced mRNA species. RT-PCR reactions were 
performed on poly (A)* mRNA isolated from Drosophila heads 
and were resolved on 8% polyacrylamide gel. Arrows 
indicate the positions of DNA fragments of expected sizes: 
the 444 bp long-form fragment and the 129 bp short-form 
35 fragment (lane +RNA) . Other bands present in this lane are 
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artifacts from heteroduplexes that failed to denature. 
Poly (A)* mRNA was omitted from the control reaction (lane 
-RNA) , which otherwise was done in identical conditions . 
Size markers (kb ladder) are shown in the middle lane (KB) . 

5 

Equivalents 

Those skilled in the art will know, or be able to 
ascertain, using no more than routine experimentation, many 
equivalents to the specific embodiments of the invention 
10 described herein. These and all other equivalents are 
intended to be encompassed by the following claims . 
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(ii) MOLECULE TYPE: Other nucleic acid 

(A) DESCRIPTION: /desc - "cDNA and PCR analysis" 

(ix) FEATURE: 

(A) NAME/KEY: CDS 

(B) LOCATION: 1..1080 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:l: 

ATG GAC AAC AGC ATC GTC GAG GAG AAC GGC AAC TCG TCG GCG GCA TCG 4 8 

Met Asp Asn Ser He Val Glu Glu Asn Gly Asn Ser Ser Ala Ala Ser 
15 10 xs 

GGC TCC AAT GAC GTG GTC GAT GTC GTT GCC CAA CAG GCG GCG GCA GCG 96 
Gly Ser Asn Asp Val Val Asp Val Val Ala Gin Gin Ala Ala Ala Ala 
20 25 30 

GTG GGC GGC GGC GGT GGA GGA GGA GGA GGC GGC GGC GGC GGT GGT AAC 144 
Val Gly Gly Gly Gly Gly Gly Gly Gly Gly Gly Gly Gly Gly Gly Asn 
35 40 45 

CCC CAG CAG CAG CAA CAG AAC CCA CAA AGT ACA ACG GCC GGC GGT CCA 192 
Pro Gin Gin Gin Gin Gin Asn Pro Gin Ser Thr Thr Ala Gly Gly Pro 
50 55 60 

ACG GGT GCG ACG AAC AAC GCC CAG GGA GGC GGA GTG TCC TCC GTG CTG 240 
Thr Gly Ala Thr Asn Asn Ala Gin Gly Gly Gly Val Ser Ser Val Leu 
65 70 75 80 

ACC ACC ACC GCC AAC TGC AAC ATA CAA TAC CCC ATC CAG ACG CTG GCG 288 
Thr Thr Thr Ala Asn Cys Asn He Gin Tyr Pro He Gin Thr Leu Ala 
65 90 95 

CAG CAC GGA CTG CAG GTG AGC ATT TGG GGA CCG GGT GCT TGG TGT CAA 336 
Gin His Gly Leu Gin Val Ser He Trp Gly Pro Gly Ala Trp Cys Gin 
100 105 110 



BNSDCX:tD: <WO 961 1270A1_IA> 



wo 96/1 1270 PCT/DS95/13198 



-96- 

CTG TCG AGT GTC AGG TGT TAG GGA TCC GAG CCA GAA GTG GCT ACC AAG 384 
Leu Ser Ser Val Arg Cys Tyr Gly Ser Gin Pro Glu Val Ala Thr Lys 
115 120 125 

GAT GTG CAG TCC GTG ATA CAG GCC AAT CCC TCG GGA GTC ATA CAG ACA 432 
Asp Val Gin Ser Val lie Gin Ala Asn Pro Ser Gly Val He Gin Thr 
130 135 140 

GCA GCT GGA ACC CAG CAG CAG CAA CAG 6CG CTG GCC GCC GCC ACA GCG 480 
Ala Ala Gly Thr Gin Gin Gin Gin Gin Ala Leu Ala Ala Ala Thr Ala 
145 150 155 160 

ATG CAG AAG GTG GTC TAG GTG GCC AAG CCG CCG AAC TCG ACG GTC ATC 528 
Met Gin Lys Val Val Tyr Val Ala Lys Pro Pro Asn Ser Thr Val lie 
165 170 175 

CAC ACG ACG CCT GGC AAT GCA GTG CAA GTG CGT AAC AAA ATC CCT CCA 576 
His Thr Thr Pro Gly Asn Ala Val Gin Val Arg Asn Lys He Pro Pro 
180 185 X90 

ACC TTT CCA TGT AAG ATC AAG CCC GAA CCG AAC ACG CAG CAC CCG GAG 624 
Thr Phe Pro Cys Lys lie Lys Pro Glu Pro Asn Thr Gin His Pro Glu 
195 200 205 

GAC AGC GAC GAG AGT CTG TCG GAC GAC GAT TCC CAG CAC CAC CGC AGC 672 
Asp Ser Asp Glu Ser X^eu Ser Asp Asp Asp Ser Gin His His Arg Ser 
210 215 220 

GAG CTG ACG CGA CGG CCG TCG TAG AAT AAG ATC TTC ACC GAG ATC AGC 720 
Glu Leu Thr Arg Arg Pro Ser Tyr Asn Lys He Phe Thr Glu He Ser 
225 230 235 240 

GGT CCG GAC ATG AGC GGC GCA TCG CTT CCC ATG TCC GAC GGC GTG CTC 768 
Gly Pro Asp Met Ser Gly Ala Ser Leu Pro Met Ser Asp Gly Val Leu 
245 250 255 

AAT TCC CAG CTG GTG GGG ACC GGA GCG GGG GGC AAT GCG GCG AAC AGC 816 
Asn Ser Gin Leu Val Gly Thr Gly Ala Gly Gly Asn Ala Ala Asn Ser 
260 265 270 

TCC CTG ATG CAA TTG GAT CCC ACG TAC TAC CTG TCC AAT CGG ATG TCC 864 
Ser Leu Met Gin Leu Asp Pro Thr Tyr Tyr Leu Ser Asn Arg Met Ser 
275 280 285 

TAC AAC ACC AAC AAC AGC GGG ATA GCG GAG GAT CAG ACC CGT AAG CGC 912 
Tyr Asn Thr Asn Asn Ser Gly He Ala Glu Asp Gin Thr Arg Lys Arg 
290 295 300 

GAG ATC CGG CTG CAG AAG AAC AGG GAG GCG GCG CGT GAG TGC CGG CGC 96 0 

Glu He Arg Leu Gin Lys Asn Arg Glu Ala Ala Arg Glu Cys Arg Arg 
305 310 315 320 

AAG AAG AAG GAG TAC ATC AAG TGC CTG GAG AAT CGA GTG GCG GTG CTA 1008 
Lvs Lvs Lvs Glu Tyr He Lys Cys Leu Glu Asn Arg Val Ala Val Leu 
^ 325 330 335 

GAG AAC CAA AAC AAA GCG CTC ATC GAG GAG CTG AAG TCG CTC AAG GAG 1056 
Glu Asn Gin Asn Lys Ala Leu He Glu Glu Leu Lys Ser Leu Lys Glu 
340 345 350 
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CTC TAT TGT CAG ACC AAG AAC GAT TOA 
Veu Tyr Cys Gin Thr Lys Asn Asp 
355 360 

(2) INFORMATION FOR SEQ ID NO:2: 

(i) SEQUENCE CHA RACTERISTICS: 

(A) I«SNGTH: 360 amino acida 

(B) TYPE: amino acid 
(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: protein 

(xi) SEQTJENCE DESCRIPTION: SEQ ID NO:2: 

Met Asp Asn Ser He Val Glu Glu Asn Gly Asn Ser Ser Ala Ala Ser 
15 10 15 

Gly Ser Asn Asp Val Val Asp Val Val Ala Gin Gin Ala Ala Ala Ala 
20 25 30 

Val Gly Gly Gly Gly Gly Gly Gly Gly Gly Gly Gly Gly Gly Gly Asn 
35 40 45 

Pro Gin Gin Gin Gin Gin Asn Pro Gin Ser Thr Thr Ala Gly Glv Pro 
50 55 60 

Thr Gly Ala Thr Asn Asn Ala Gin Gly Gly Gly Val Ser Ser Val Leu 
^5 70 75 80 

Thr Thr Thr Ala Asn Cys Asn He Gin Tyr Pro He Gin Thr Leu Ala 
85 90 95 

Gin His Gly Leu Gin Val Ser He Trp Gly Pro Gly Ala Trp Cys Gin 
100 105 110 

Leu Ser Ser Val Arg Cys Tyr Gly Ser Gin Pro Glu Val Ala Thr Lys 
115 120 125 

Asp Val Gin Ser Val He Gin Ala Asn Pro Ser Gly Val He Gin Thr 
130 135 140 

Ala Ala Gly Thr Gin Gin Gin Gin Gin Ala Leu Ala Ala Ala Thr Ala 
145 150 155 160 

Met Gin Lys Val Val Tyr Val Ala Lys Pro Pro Asn Ser Thr Val He 
165 170 175 

His Thr Thr Pro Gly Asn Ala Val Gin Val Arg Asn Lys He Pro Pro 
180 185 190 

Thr Phe Pro Cys Lys He Lys Pro Glu Pro Asn Thr Gin His Pro Glu 
195 200 205 



Asp Ser Asp Glu Ser Leu Ser Asp Asp Asp Ser Gin His His Arg Ser 
210 215 220 

Glu Leu Thr Arg Arg Pro Ser Tyr Asn Lys He Phe Thr Glu He Ser 
225 230 235 240 



1083 
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Glv pro ASP Met ser Gly Ala Ser Leu Pro Met Ser Asp Gly Val Leu 
^ 245 250 255 

Asn Ser Gin Leu Val Gly Thr Gly Ala Gly Gly Asn Ala Ala Asn Ser 
260 265 270 

Ser Leu Met Gin Leu Asp Pro Thr Tyr Tyr Leu Ser Asn Arg Met Ser 
275 2B0 2B5 

Tvr Asn Thr Asn Asn Ser Gly He Ala Glu Asp Gin Thr Arg Lys Arg 
^ 290 295 300 

Glu He Arg Leu Gin Lys Asn Arg Glu Ala Ala Arg Glu Cys Arg Arg 
305 310 315 320 

Lys Lys Lys Glu Tyr He Lys Cys Leu Glu Asn Arg Val Ala Val Leu 
325 330 335 

Glu Asn Gin Asn Lys Ala Leu He Glu Glu Leu Lys Ser Leu Lys Glu 
340 345 350 

Leu Tyr Cys 

355 360 

(2) INFORMATION FOR SEQ ID NO: 3: 

/£\ £EQTTWMrTTC (CHARACTERISTICS: 

"(A) LENGTH: 54 amino acids 
(B) TYPE: amino acid 
( C ) STRANDEDNESS : 
(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: peptide 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 3: 

A 

10 15 



Arg Lys Arg Glu He Arg Leu Gin Lys Asn Arg Glu Ala Ala Arg Glu 



1 5 
cys Arg Arg Lys Lys Lys Glu Tyr He Lys Cys Leu Glu Asn Arg Val 
20 25 

Ala val Leu Glu Asn Gin Asn Lys Ala Leu He Glu Glu Leu Lys Ser 
35 40 45 

Leu Lys Glu Leu Tyr Cys 
50 

(2) INFORMATION FOR SEQ ID NO:4: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 54 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : 

(D ) TOPOLOGY : 1 inedr 

(ii) MOLECULE TYPE: peptide 
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(Xi) SEQUENCE OBSCRIPTZON: SEQ ID NO:4: 

Arg Lys Arg Glu Val Arg Leu Met Lys Asn Arg Glu Ala Ala Arg Glu 
15 10 15 

Cys Arg Arg Lys Lys Lys Glu Tyr Val Lys Cys Leu Glu Asn Arg Val 
20 25 30 

Ala Val Leu Glu Asn Gin Asn Lys Thr Leu lie Glu Glu Leu Lys Ala 
35 40 45 

Leu Lys Asp Leu Tyr Cys 
50 

<2) INFORMATION FOR SEQ ID NO: 5: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 54 amino acids 

(B) TYTE: amino acid 

(C) STRANDEDHESS : 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: peptide 

(Xi) SEQUENCE DESCRIPTION: SEQ ID NO: 5: 

Arg Lys Arg Glu Leu Arg Leu Met Lys Asn Arg Glu Ala Ala Arg Glu 
^ S 10 IS 

Cys Arg Arg Lys Lys Lys Glu Tyr Val Lys Cys Leu Glu Asn Arg Val 
20 25 30 

Ala Val Leu Glu Asn Gin Asn Lys Thr Leu lie Glu Glu Leu Lys Ala 
35 40 45 

Leu Lys Asp Leu Tyr Cys 
50 

(2) INFORMATION FOR SEQ ID NO:6: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 54 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: peptide 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:€: 

Leu Lys Arg Glu lie Arg Leu Met Lys Asn Arg Glu Ala Ala Arg Glu 
15 10 15 

Cys Arg Arg Lys Lys Lys Glu Tyr Val Lys Cys Leu Glu Asn Arg Val 
20 25 30 

Ala Val Leu Glu Asn Gin Asn Lys Thr lieu He Glu Glu Leu Lys Thr 
35 40 45 
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I#eu Lys Asp I*eu Tyx Ser 
50 



(2) INFORMATION FOR SEQ ID NO: 7: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 798 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS : doioble 

(D) TOPOIiOGY: linear 

(ii) MOLECULE TYPE: CDNA 



(ix) FEATURE: 

(A) NAME/KEY: CDS 

(B) LOCATION: 1.-798 



(xi> SEQUENCE DESCRIPTION: SEQ ID NO: 7: 

ATG TTA CTC GGA GAA AAT ATG TTT TCT ACT TTC ACA TCG TTA GAT GCT 48 
Met Leu Leu Gly Glu Asn Met Phe Ser Thr Phe Thr Ser Leu Asp Ala 
1 5 10 15 

GCT ACC GCT ACA ACC AAC ACC GGT GAA TTC TTA ATG AAT GAA TCT CCA 96 

•'•hr Ma T>^r T^*- Asn Thr Glv Glu Phe Leu Met Asn Glu Ser Pro 
* ' " 20 ' 25 30 

AGG CAA GAA GCC GGT GAC TTA ATG TTG GAT AGT CTG GAT TTC AAC ATT 144 
Arg Gin Glu Ala Gly Asp Leu Met Leu Asp Ser Leu Asp Phe Asn lie 
"^ 25 40 45 

ATG GGC GAA AAC CTG GCA GAT GAT TTC CAG ACC TCG GCT TCA CCA GCT 192 
Met Gly Glu Asn Leu Ala Asp Asp Phe Gin Thr Ser Ala Ser Pro Ala 
50 55 60 

TCG GAG GAC AAG ATG ACT CCT TTC GTT GTT GAT ACC AAT GTT TTT GAA 240 
Ser Glu Asp Lys Met Thr Pro Phe Val Val Asp Thr Asn Val Phe Glu 
65 70 75 80 

TCC GTC TTC AAG AAC ACC GAA GAT ACC CTT CTA GGA GAT ATC GAC AAT 288 
Ser Val Phe Lys Asn Thr Glu Asp Thr Leu Leu Gly Asp He Asp Asn 
B5 90 95 

GTT GGT ATT GTT GAC ACG GAG TTG AAG GAG ATG TTC GAT TTG GTT GAC 336 
Val Gly He Val Asp Thr Glu Leu Lys Glu Met Phe Asp Leu Val Asp 
100 ^05 HO 

TCG GAA ATC AAT AAC GGC ACT CCT ATC AAG CAG GAA GAA AAG GAT GAT 384 
llr Glu lie Asn Asn Gly Thr Pro He Lys Gin Glu Glu Lys Asp Asp 
X15 120 125 

TTG GAA TTT ACT TCA AGA TCC CAG TCC ACC TCA GCT CTC TTG TCG TCG 43: 
£eS Glu Phe Thr ser Arg Ser Gin Ser Thr Ser Ala Leu Ueu Ser Ser 
130 135 1*0 



AAA TCG ACT TCT GCT TCT CCA GCT GAT GCT GCC GCT GCA TGT GCA AGT 481 
^ ser Sr Ser Ala Ser Pro Ala Asp Ala Ala Ala Ala Cys Ala Ser 
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CCT TCG TCA TCG TCT TGT AAA AGA TCC TAT TCT TCT GCT CAG CTA GAA 528 
Pro Ser Scr Ser Ser Cys Lys Arg Ser Tyr Ser Ser Ala Gin Veu Glu 
1€5 170 X75 

ACT ACG GGT TCG GAT GCT CCA AAG AAA GAT AAG CTG GGC TGC ACC CCT 576 
Thx Thr Oly Ser Asp Ala Pro Lya Lys Asp Lys Leu Gly Cys Thr Pro 
IBO 185 190 

TAC ACT AGA AAA CAG AGA AAC AAT CCA TTA CCT CCG GTC ATT CCA AAG 624 
Tyr Thr Arg I*ys Gin Arg Asn Asn Pro Leu Pro Pro Val lie Pro Lvs 
155 200 205 

GGT CAG GAT GTT GCT TCT ATO AAA AGG GCA AGA AAC ACT GAG GCC GCA 672 
Gly Gin Asp Val Ala Ser Met Lys Arg Ala Arg Asn Thr Glu Ala Ala 
210 215 220 

AGA AGA TCA AGA GCC AGA AAA ATG GAA AGA ATG TCC CAA CTT GAA GAA 720 
Arg Arg Ser Arg Ala Arg Lys Met Glu Arg Met Ser Gin Leu Glu Glu 
225 230 235 240 

AAG TGT CAA AGC TTG TTG AAG GAA. AAC GAC GAC TTG AAA GCT CAA GTT 768 
Lys Cys Gin Ser Leu Leu Lys Glu Asn Asp Asp Leu Lys Ala Gin Val 
245 250 255 



CAA GCT TTG AAG AAA TTA CTT GGA CAA CAA 
Gin Ala I*eu Lys Lys Leu Leu Gly Gin Gin 
260 265 

(2) INFORMATION FOR SEQ ID NO: 8: 

(i) SEQUENCE CHA RACTERISTICS: 

(A) LENGTH: 266 amino acids 

(B) TYPE: amino acid 
(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: protein 

(Xi) SEQUENCE DESCRIPTION: SEQ ID NO: 8: 

Met Leu Leu Gly Glu Asn Met Phe Ser Thr Phe Thr Ser Leu Asp Ala 
15 10 15 

Ala Thr Ala Thr Thr Asn Thr Gly Glu Phe Leu Met Asn Glu Ser Pro 
20 25 30 

Arg Gin Glu Ala Gly Asp X«eu Met I«eu Asp Ser Leu Asp Phe Asn lie 
35 40 45 

Met Gly Glu Asn Leu Ala Asp Asp Phe Gin Thr Ser Ala Ser Pro Ala 
50 55 60 

Ser Glu Asp Lys Met Thr Pro Phe Val Val Asp Thr Asn Val Phe Glu 
65 70 75 SO 

Ser Val Phe Lys Asn Thr Glu Asp Thr Leu I^u Gly Asp lie Asp Asn 
85 90 95 

Val Gly lie Val Asp Thr Glu Leu Lys Glu Met Phe Asp Leu Val Asp 
100 105 110 



79B 
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Ser Glu lie Asn Asn Gly Thr Pro lie Lys Gin Glu Glu Lys Asp Asp 
115 X20 125 

Leu Glu Phe Thr Ser Arg Ser Gin Ser Thr Ser Ala Leu Leu Ser Ser 
130 135 140 

Lvs Ser Thr Ser Ala Ser Pro Ala Asp Ala Ala Ala Ala Cys Ala Ser 
145 150 155 160 

Pro Ser Ser Ser Ser Cys Lys Arg Ser Tyr Ser Ser Ala Gin Leu Glu 
165 170 175 

Thr Thr Gly Ser Asp Ala Pro Lys Lys Asp Lys Leu Gly Cys Thr Pro 
180 185 190 

Tyr Thr Arg Lys Gin Arg Asn Asn Pro Leu Pro Pro Val lie Pro Lys 
195 200 205 

Gly Gin Asp Val Ala Ser Met Lys Arg Ala Arg Asn Thr Glu Ala Ala 
210 215 220 

Ara Arg Ser Arg Ala Arg Lys Met Glu Arg Met Ser Gin Leu Glu Glu 
225 230 235 240 

Lvs Cys Gin Ser Leu Leu Lys Glu Asn Asp Asp Leu Lys Ala Gin Val 
^ ' 245 250 255 

Gin Ala Leu Lvs Lvs Leu Leu Gly Gin Gin 
260 265 



(2) INFORMATION FOR SEQ ID NO:9: 

(i) SEQUENCE CHARACTERISTICS: 

(A> LENGTH: 1350 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : 

(D) TOPOLOGY: linear 

(ii> MOLECULE TYPE: protein 

(Xi) SEQUENCE DESCRIPTION: SEQ ID NO: 9: 

Met ser Gin His Phe Thr Ser He Phe Glu Asn Leu Arg Phe Val Thr 
1 5 10 

He Lys Arg Ala Thr Asn Ala Gin Gin Gin Gin Gin Gin Gin Gin Gin 
20 25 30 

Gin Gin Leu Gin Gin Gin Gin Gin Gin Leu Gin Gin Gin Lys Ala Gin 
35 40 45 

Thr Gin Gin Gin Asn Ser Arg Lys He Lys Thr Gin Ala Thr Pro Thr 
50 55 60 

Leu Asn Gly Asn Gly Leu Leu Ser Gly Asn Pro Asn Gly Gly Gly Gly 
65 70 75 

ASP Ser Ser Pro Ser His Glu Val Asp His Pro Gly Gly Ala Gin Gly 
85 90 
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Ala Gin Ala Ala Gly Gly Leu Pro Ser Leu Ser Gly Thr Pro Leu Arg 
100 105 110 

His His Lys Arg Ala Ser lie Ser Thr Ala Ser Pro Pro lie Arg Glu 
115 120 125 

Arg Arg Gly Thr Asn Thr Ser lie Val Val Glu Leu Asp Gly Ser Glv 
130 135 140 

Ser Gly Ser Gly Ser Gly Gly Gly Gly Val Gly Val Gly Gin Gly Ala 
145 150 155 160 

Gly Cys Pro Pro Ser Gly Ser Cys Thr Ala Ser Gly Lys Ser Ser Arg 
165 170 175 

Glu Leu Ser Pro Ser Pro Lys Asn Gin Gin Gin Pro Arg Lys Met Ser 
180 185 190 

Gin Asp Tyr Arg Ser Arg Ala Gly Ser Phe Met His Leu Asp Asp Glu 
155 200 205 

Gly Arg Ser Leu Leu Met Arg Lys Pro Met Arg Leu Lys Asn lie Glu 
210 215 220 

Gly Arg Pro Glu Val Tyr Asp Thr Leu His Cys Lys Gly Arg Glu lie 
225 230 235 240 

Le*i Ser Oys Ser Lys Thr C"s Thr Ser Ser Xle M***" "Vs** . /^i 

245 ' 250 ' " 255 

Asn Ala Ala Val Glu Ala Arg Lys Ser Asp Leu He Leu Glu His Ala 
260 265 270 - 

Lys Asp Phe Leu Glu Gin Tyr Phe Thr Ser He Lys Arg Thr Ser Cys 
275 280 285 

Thr Ala His Glu Thr Arg Trp Lys Gin Val Arg Gin Ser He Glu Thr 
290 295 300 

Thr Gly His Tyr Gin Leu Thr Glu Thr Glu Leu He Tyr Gly Ala Lys 
305 310 315 320 

Leu Ala Trp Arg Asn Ser Ser Arg Cys He Gly Arg He Gin Trp Ser 
325 330 335 

Lys Leu Gin Val Phe Asp Cys Arg Tyr Val Thr Thr Thr Ser Gly Met 
340 345 350 

Phe Glu Ala He Cys Asn His He Lys Tyr Ala Thr Asn Lys Gly Asn 
355 360 365 

Leu Arg Ser Ala He Thr He Phe Pro Gin Arg Thr Asp Ala Lys His 
370 375 380 

Asp Tyr Arg He Trp Asn Asn Gin Leu He Ser Tyr Ala Gly Tyr Lys 
385 390 395 400 

Gin Ala Asp Gly Lys He He Gly Asp Pro Met Asn Val Glu Phe Thr 
405 410 415 

Glu Val Cys Thr Lys Leu Gly Trp Lys Ser Lys Gly Ser Glu Trp Asp 
420 425 430 
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Ile Xjeu Pro Leu Val Val Ser Ala Asn Gly His Asp Pro Asp Tyr Phe 
435 440 445 

Asp Tyr Pro Pro Glu Leu lie Leu Glu Val Pro Leu Thr His Pro Lys 
450 455 460 

Phe Glu Trp Phe Ser Asp Leu Gly Leu Arg Trp Tyr Ala Leu Pro Ala 
465 470 475 480 

Val Ser Ser Met Leu Phe Asp Val Gly Gly lie Gin Phe Thr Ala Thr 
485 490 495 

Thr Phe Ser Gly Trp Tyr Met Ser Thr Glu lie Gly Ser Arg Asn Leu 
500 505 5X0 

Cys Asp Thr Asn Arg Arg Asn Met Leu Glu Thr Val Ala Leu Lys Met 
515 520 525 

Gin Leu Asp Thr Arg Thr Pro Thr Ser Leu Trp Lys Asp Lys Ala Val 
530 535 540 

Val Glu Met Asn lie Ala Val Leu His Ser Tyr Gin Ser Arg Asn Val 
545 550 555 560 

Thr lie Val Asp His His Thr Ala Ser Glu Ser Phe Met Lys His Phe 
565 570 575 

Glu Asn Glu Ser Lys Leu Arg Asn Gly Cys Pro Ala Asp Trp lie Trp 

•-MM 

-rw,# 

lie Val Pro Pro Leu Ser Gly Ser He Thr Pro Val Phe His Gin Glu 
595 600 605 

Met Ala Leu Tyr Tyr I-eu Lys Pro Ser Phe Glu Tyr Gin Asp Pro Ala 
6X0 615 620 

Trp Arg Thr His Val Trp Lys Lys Gly Arg Gly Glu Ser Lys Gly Lys 
625 630 635 640 

Lys Pro Arg Arg Lys Phe Asn Phe Lys Gin He Ala Arg Ala Val Lys 
' 645 650 655 

Phe Thr Ser Lys Leu Phe Gly Arg Ala Leu Ser Lys Arg He Lys Ala 
660 665 670 

Thr Val Leu Tyr Ala Thr Glu Thr Gly Lys Ser Glu Gin Tyr Ala Lys 
675 680 685 

Gin Leu Cys Glu Leu Leu Gly His Ala Phe Asn Ala Gin He Tyr Cys 
690 695 700 

Met Ser Asp Tyr Asp He Ser Ser He Glu His Glu Ala I-eu Leu He 
705 710 715 720 

Val Val Ala Ser Thr Phe Gly Asn Gly Asp Pro Pro Glu Asn Gly Glu 
725 730 735 

Leu Phe Ser Gin Glu Leu Tyr Ala Met Arg Val Gin Glu Ser Ser Glu 
740 745 750 

His Glv Leu Gin Asp Ser Ser He Gly Ser Ser Lys Ser Phe Met Lys 
755 760 765 
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Ala Ser Ser Arg Gin Glu Phe Met Lys Leu Pro Leu Gin Gin Val Lvs 
770 775 780 

Arg He Asp Arg Trp Asp Ser Leu Arg Gly Ser Thr Ser Asp Thr Phe 

790 795 800 

Thr Glu Glu Thr Phe Gly Pro Leu Ser Asn Val Arg Phe Ala Val Phe 
805 810 815 

Ala Leu Gly Ser Ser Ala Tyr Pro Asn Phe Cys Ala Phe Gly Gin Tvr 
820 825 830 

Val Asp Asn He Leu Gly Glu Leu Gly Gly Glu Arg Leu Leu Arg Val 
835 840 845 

Ala Tyr Gly Asp Glu Met Cys Gly Gin Glu Gin Ser Phe Arg Lvs Trt> 
850 855 860 

Ala Pro Glu Val Phe Lys Leu Ala Cys Glu Thr Phe Cys Leu Asp Pro 
8^5 870 875 880 

Glu Glu Ser Leu Ser Asp Ala Ser Leu Ala Leu Gin Asn Asp Ser Leu 
885 890 895 

Thr Val Asn Thr Val Arg Leu Val Pro Ser Ala Asn Lys Gly Ser Leu 
900 905 910 

Asp Ser Ser Leu Ser Lys Tyr His Asn Lys Lvs Val His Cyz Cyc L- s 

920 " 925 

Ala Lys Ala Lys Pro His Asn Leu Thr Arg Leu Ser Glu Gly Ala Lys 
930 935 940 

Thr Thr Met Leu Leu Glu He Cys Ala Pro Gly Leu Glu Tyr Glu Pro 
945 950 955 960 

Gly Asp His Val Gly He Phe Pro Ala Asn Arg Thr Glu Leu Val Asp 
965 970 975 

Gly Leu Leu Asn Arg Leu Val Gly Val Asp Asn Pro Asp Glu Val Leu 
980 985 990 

Gin Leu Gin Leu Leu Lys Glu Lys Gin Thr Ser Asn Gly He Phe Lys 
995 1000 1005 

Cys Trp Glu Pro His Asp Lys He Pro Pro Asp Thr Leu Arg Asn Leu 
1010 1015 1020 

Leu Ala Arg Phe Phe Asp Leu Thr Thr Pro Pro Ser Arg Gin Leu Leu 
1025 1030 1035 1040 

Thr Leu Leu Ala Gly Phe Cys Glu Asp Thr Ala Asp Lys Glu Arg Leu 
1045 1050 1055 

Glu Leu Leu Val Asn Asp Ser Ser Ala Tyr Glu Asp Trp Arg His Trp 
1060 1065 1070 

Arg Leu Pro His Leu Leu Asp Val Leu Glu Glu Phe Pro Ser Cys Arg 
1075 1080 1085 

Pro Pro Ala Pro Leu Leu Leu Ala Gin Leu Thr Pro Leu Gin Pro Arg 
1090 1095 1100 
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Phe Tyr Ser lie Ser Ser Ser Pro Arg Arg Val Ser Asp Glu He His 
1105 1110 1115 1120 

Lieu Thr Val Ala He Val Lys Tyr Arg Cys Glu Asp Gly Gin Gly Asp 
1125 1130 1135 

Glu Arg Tyr Gly Val Cys Ser Asn Tyr Leu Ser Gly Leu Arg Ala Asp 
1140 1145 1150 

Asp Glu Leu Phe Met Phe Val Arg Ser Ala Leu Gly Phe His Leu Pro 
1155 1160 1165 

Ser Asp Arg Ser Arg Pro lie He Leu He Gly Pro Gly Ttir Gly He 
1170 1175 - 1180 

Ala Pro Phe Arg Ser Phe Trp Gin Glu Phe Gin Val Leu Arg Asp Leu 
1185 1190 1195 1200 

Asp Pro Thr Ala Lys Leu Pro Lys Met Trp Leu Phe Phe Gly Cys Arg 
1205 1210 1215 

Asn Arg Asp Val Asp Leu Tyr Ala Glu Glu Lys Ala Glu Leu Gin Lys 
1220 1225 1230 

Asp Gin He Leu Asp Arg Val Phe Leu Ala Leu Ser Arg Glu Gin Ala 
1235 1240 1245 

He Pro Lys Thr Tyr Val Gin Asp Leu He Glu Gin Glu Phe Asp Ser 

Xi;^U A-iWw 

Leu Tyr Gin Leu He Val Gin Glu Arg Gly His He Tyr Val Cys Gly 
1265 1270 1275 1280 

Asp Val Thr Met Ala Glu His Val Tyr Gin Thr He Arg Lys Cys He 
1285 1290 1295 

Ala Gly Lys Glu Gin Lys Ser Glu Ala Glu Val Glu Thr Phe Leu Leu 
1300 1305 1310 

Thr Leu Arg Asp Glu Ser Arg Tyr His Glu Asp He Phe Gly He Thr 
1315 1320 1325 

Leu Arg Thr Ala Glu He His Thr Lys Ser Arg Ala Thr Ala Arg He 
1330 1335 1340 

Arg Met Ala Ser Gin Pro 
1345 1350 



(2) INFORMATION FOR SEQ ID NO: 10: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 1205 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : 

( D ) TOPOLOGY : 1 inear 

(ii) MOLECULE TYPE: protein 
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(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 10: 

Met Gly Asn Leu Lys Ser Val Gly Gin Glu Pro Gly Pro Pro Cys Gly 
1 5 10 15 

Leu Gly Leu Gly Leu Gly Leu Gly Leu Cys Gly Lys Gin Gly Pro Ala 
20 25 30 

Ser Pro Ala Pro Glu Pro Ser Arg Ala Pro Ala Pro Ala Thr Pro His 
35 40 45 

Ala Pro Asp His Ser Pro Ala Pro Asn Ser Pro Thr Leu Thr Arg Pro 
50 55 60 

Pro Glu Gly Pro Lys Phe Pro Arg Val Lys Asn Trp Glu Leu Gly Ser 
SB 70 75 80 

lie Thr Tyr Asp Thr Leu Cys Ala Gin Ser Gin Gin Asp Gly Pro Cys 
85 90 95 

Thr Pro Arg Arg Cys Leu Gly Ser Leu Val Leu Pro Arg Lys Leu Gin 
100 105 110 

Thr Arg Pro Ser Pro Gly Pro Pro Pro Ala Glu Gin Leu Leu Ser Gin 
115 . 120 125 

Ala Arg Asp Phe lie Asn Gin Tyr Tyr Ser Ser lie Lys Arg Ser Gly 
130 135 140 

Ser Gin Ala His Glu Glu Arg Leu Gin Glu Val Glu Ala Glu Val Ala 
145 150 155 160 

Ser Thr Gly Thr lie His Leu Arg Glu Ser Glu Leu Val Phe Gly Ala 
165 170 175 

Lys Gin Ala Trp Arg Asn Ala Pro Arg Cys Val Gly Arg lie Gin Trp 
180 185 190 

Gly Lys Leu Gin Val Phe Asp Ala Arg Asp Cys Ser Ser Ala Gin Glu 
195 200 205 

Met Phe Thr Tyr lie Cys Asn His lie Lys Tyr Ala Thr Asn Arg Gly 
210 215 220 

Asn Leu Arg Ser Ala lie Thr Val Phe Pro Gin Arg Ala Pro Gly Arg 
225 230 235 240 

Gly Asp Phe Arg lie Trp Asn Ser Gin Leu Val Arg Tyr Ala Gly Tyr 
245 250 255 

Arg Gin Gin Asp Gly Ser Val Arg Gly Asp Pro Ala Asn Val Glu lie 
260 265 270 

Thr Glu Leu Cys lie Gin His Gly Trp Thr Pro Gly Asn Gly Arg Phe 
275 280 285 

Asp Val Leu Pro Leu Leu Leu Gin Ala Pro Asp Glu Ala Pro Glu Leu 
290 295 300 

Phe Val Leu Pro Pro Glu Leu Val Leu Glu Val Pro Leu Gly Ala Pro 
305 310 315 320 
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His Thr Gly Val Val Arg Gly Pro Gly Leu Arg Trp Tyr Ala Leu Pro 
325 330 335 

Ala Val Ser Asn Met Leu Leu Glu lie Gly Gly Leu Glu Phe Ser Ala 
340 345 350 

Ala Pro Phe Ser Gly Trp Tyr Met Ser Thr Glu He Gly Thr Arg Asn 
355 360 365 

Leu Cys Asp Pro His Arg Tyr Asn He Leu Glu Asp Val Ala Val Cys 
370 375 380 

Met Asp Leu Asp Thr Arg Thr Thr Ser Ser Leu Trp Lys Asp Lys Ala 
385 390 395 400 

Ala Val Glu He Asn Leu Ala Val Leu His Ser Phe Gin Leu Ala Lys 
405 410 415 

Val Thr He Val Asp His His Ala Ala Thr Val Ser Phe Met Lys His 
420 425 430 

Leu Asp Asn Glu Gin Lys Ala Arg Gly Gly Cys Pro Ala Asp Trp Ala 
435 440 445 

Trp He Val Pro Pro He Tyr Gly Ser Leu Pro Pro Val Phe His Gin 
450 455 460 

Glu Met Val Asn Tyr He Leu Ser Pro Ala Phe Arg Tyr Gin Pro Asp 

Pro Trp Lys Gly Ser Ala Thr Lys Gly Ala Gly He Thr Arg Lys Lys 
485 490 495 

Thr Phe Lys Glu Val Ala Asn Ala Val Lys He Ser Ala Ser Leu Met 
500 505 510 

Gly Thr Leu Met Ala Lys Arg Val Lys Ala Thr He Leu Tyr Ala Ser 
515 520 525 

Glu Thr Gly Arg Ala Gin Ser Tyr Ala Gin Gin Leu Gly Arg Leu Phe 
530 535 540 

Arg Lys Ala Phe Asp Pro Arg Val Leu Cys Met Asp Glu Tyr Asp Val 
545 550 555 560 

Val Ser Leu Glu His Glu Ala Leu Val Leu Val Val Thr Ser Thr Phe 
565 570 575 

Gly Asn Gly Asp Pro Pro Glu Asn Gly Glu Ser Phe Ala Ala Ala Leu 
580 585 590 

Met Glu Met Ser Gly Pro Tyr Asn Ser Ser Pro Arg Pro Glu Gin His 
595 600 605 

Lys Ser Tyr Lys He Arg Phe Asn Ser Val Ser Cys Ser Asp Pro Leu 
610 615 620 

Val Ser Ser Trp Arg Arg Lys Arg Lys Glu Ser Ser Asn Thr Asp Ser 
625 630 635 640 

Ala Gly Ala Leu Gly Thr Leu Arg Phe Cys Val Phe Gly Leu Gly Ser 
645 650 655 
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Arg Ala Tyr Pro His Phe Cys Ala Phe Ala Arg Ala Val Asp Thr Arg 
660 665 670 

Leu Glu Glu Leu Gly Gly Glu Arg Leu Leu Gin Leu Gly Gin Gly Asp 
675 680 685 

Glu Leu Cys Gly Gin Glu Glu Ala Phe Arg Gly Trp Ala Lys Ala Ala 
690 695 700 

Phe Gin Ala Ser Cys Glu Thr Phe Cys Val Gly Glu Glu Ala Lys Ala 
705 7X0 715 720 

Ala Ala Gin Asp lie Phe Ser Pro Lys Arg Ser Trp Lys Arg Gin Arg 
725 730 735 

Tyr Arg Leu Ser Ala Gin Ala Glu Gly Leu Gin Leu Leu Pro Gly Leu 
740 745 750 

lie His Val His Arg Arg Lys Met Phe Gin Ala Thr Val Leu Ser Val 
755 760 765 

Glu Asn Leu Gin Ser Ser Lys Ser Thr Arg Ala Thr He Leu Val Arg 
770 775 780 

Leu Asp Thr Ala Gly Gin Glu Gly Leu Gin Tyr Gin Pro Gly Asp His 
785 790 795 800 



Tl ^T^v TT^ia S^IT Al3. PrO ASH AT'* PrO T.^n tr-;«T /m .* nT— 

805 ^ 810 815 



Ser Arg Val Glu Asp Pro Pro Pro Pro Thr Glu Ser Val Ala Val Glu 
820 825 830 

Gin Leu Glu Lys Gly Ser Pro Gly Gly Pro Pro Pro Ser Trp Val Arg 
835 840 845 

Asp Pro Arg Leu Pro Pro Cys Thr Val Arg Gin Ala Leu Thr Phe Phe 
850 855 660 

Leu Asp He Thr Ser Pro Pro Ser Pro Arg Leu Leu Arg Leu Leu Ser 
865 870 875 880 

Thr Leu Ala Glu Glu Pro Ser Glu Gin Gin Glu Leu Glu Thr Leu Ser 
885 890 895 

Gin Asp Pro Arg Arg Tyr Glu Glu Trp Lys Leu Val Arg Cys Pro Thr 
900 905 910 

Leu Leu Glu Val Leu Glu Gin Phe Pro Ser Val Ala Leu Pro Ala Pro 
915 920 925 

Leu Leu Leu Thr Gin Leu Pro Leu Leu Gin Pro Arg Tyr Tyr Ser Val 
930 935 940 

Ser Ser Ala Pro Asn Ala His Pro Gly Glu Val His Leu Thr Val Ala 
945 950 955 960 

Val Leu Ala Tyr Arg Thr Gin Asp Gly Leu Gly Pro Leu His Tyr Gly 
965 970 975 

Val Cys Ser Thr Trp Leu Ser Gin Leu Lys Thr Gly Asp Pro Val Pro 
980 985 990 
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Cys Phe lie Arg Gly Ala Pro Ser Phe Arg Leu Pro Pro Asp Pro Tyr 
995 1000 1005 

Val Pro Cys He Leu Val Gly Pro Gly Thr Gly He Ala Pro Phe Arg 
1010 1015 1020 

Gly Phe Trp Gin Glu Arg Leu His Asp He Glu Ser Lys Gly Leu Gin 
1025 1030 1035 1040 

Pro His Pro Met Thr Leu Val Phe Gly Cys Arg Cys Ser Gin Leu Asp 
1045 1050 1055 

His Leu Tyr Arg Asp Glu Val Gin Asp Ala Gin Glu Arg Gly Val Phe 
1060 1065 1070 

Gly Arg Val Leu Thr Ala Phe Ser Arg Glu Pro Asp Ser Pro Lys Thr 
1075 1080 1085 

Tyr Val Gin Asp He Leu Arg Thr Glu Leu Ala Ala Glu Val His Arg 
1090 1095 1100 

Val Leu Cys Leu Glu Arg Gly His Met Phe Val Cys Gly Asp Val Thr 
1105 1110 1115 1120 

Met Ala Thr Ser Val Leu Gin Thr Val Gin Arg He Leu Ala Thr Glu 
1125 1130 1135 

Gly Asp Met Glu Leu Asp Glu Ala Gly Asp Val He Gly Val Leu Arg 
1140 IISO 

Asp Gin Gin Arg Tyr His Glu Asp He Phe Gly Leu Thr Leu Arg Thr 
1155 1160 1165 

Gin Glu Val Thr Ser Arg He Arg Thr Gin Ser Phe Ser Leu Gin Glu 
1170 . 1175 1180 

Arg His Leu Arg Gly Ala Val Pro Trp Ala Phe Asp Pro Pro Gly Pro 
1185 1190 1195 1200 

Asp Thr Pro Gly Pro 
1205 

(2) INFORMATION FOR SEQ ID NO: 11: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 1429 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: protein 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 11: 

Met Glu Glu Asn Thr Phe Gly Val Gin Gin He Gin Pro Asn Val He 
15 10 15 

Ser Val Arg Leu Phe Lys Arg Lys Val Gly Gly Leu Gly Phe Leu Val 
20 25 30 
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Lys Glu Arg Val Ser Lys Pro Pro Val lie lie Ser Asp Leu lie Arg 
35 40 45 

Gly Gly Ala Ala Glu Gin Ser Gly Leu He Gin Ala Gly Asp He He 
50 55 60 

Leu Ala Val Asn Asp Arg Pro Leu Val Asp Leu Ser Tyr Asp Ser Ala 
65 70 75 80 

Leu Glu Val Leu Arg Gly He Ala Ser Glu Thr His Val Val Leu He 
85 90 95 

Leu Arg Gly Pro Glu Gly Phe Thr Thr His Leu Glu Thr Thr Phe Thr 
100 105 110 

Gly Asp Gly Thr Pro Lys Thr He Arg Val Thr Gin Pro Leu Gly Pro 
115 120 125 

Pro Thr Lys Ala Val Asp Leu Ser His Gin Pro Ser Ala Ser Lys Asp 
130 135 140 

Gin Ser Leu Ala Val Asp Arg Val Thr Gly Leu Gly Asn Gly Pro Gin 
145 150 155 160 

His Ala Gin Gly His Gly Gin Gly Ala Gly Ser Val Ser Gin Ala Asn 
165 170 175 

Gl'^ V^l Al^ Tl^ Pro Thr Ssr Thr L**''s Al— JVsn Leu Cln 

180 " 185 ^ 190 

Asp He Gly Glu His Asp Glu Leu Leu Lys Glu He Glu Pro Val Leu 
. 195 200 205 

Ser He Leu Asn Ser Gly Ser Lys Ala Thr Asn Arg Gly Gly Pro Ala 
210 215 220 

Lys Ala Glu Met Lys Asp Thr Gly He Gin Val Asp Arg Asp Leu Asp 
225 230 235 240 

Gly Lys Ser His Lys Ala Pro Pro Leu Gly Gly Asp Asn Asp Arg Val 
245 250 255 

Phe Asn Asp Leu Trp Gly Lys Asp Asn Val Pro Val He Leu Asn Asn 
260 265 270 

Pro Tyr Ser Glu Lys Glu Gin Ser Pro Thr Ser Gly Lys Gin Ser Pro 
275 280 285 

Thr Lys Asn Gly Ser Pro Ser Arg Cys Pro Arg Phe Leu Lys Val Lys 
290 295 300 

Asn Trp Glu Thr Asp Val Val Leu Thr Asp Thr Leu His Leu Lys Ser 
305 310 315 320 

Thr Leu Glu Thr Gly Cys Thr Glu His He Cys Met Gly Ser He Met 
325 330 335 

Leu Pro Ser Gin His Thr Arg Lys Pro Glu Asp Val Arg Thr Lys Asp 
340 345 350 

Gin Leu Phe Pro Leu Ala Lys Glu Phe Leu Asp Gin Tyr Tyr Ser Ser 
355 360 365 
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Ile Lys Arg Phe Gly Ser Lys Ala His Met Asp Arg Leu Glu Glu Val 
370 375 380 

Asn Lys Glu lie Glu Ser Thr Ser Thr Tyr Gin Leu Lys Asp Thr Glu 
385 390 395 400 

Leu He Tyr Gly Ala Lys His Ala Tip Arg Asn Ala Ser Arg Cys Val 
405 410 415 

Gly Arg He Gin Trp Ser Lys Leu Gin Val Phe Asp Ala Arg Asp Cys 
420 425 430 

Thr Thr Ala His Gly Met Phe Asn Tyr He Cys Asn His Val Lys Tyr 
435 440 445 

Ala Thr Asn Lys Gly Asn Leu Arg Ser Ala He Thr He Phe Pro Gin 
450 455 460 

Arg Thr Asp Gly Lys His Asp Phe Arg Val Trp Asn Ser Gin Leu He 
465 470 475 480 

Arg Tyr Ala Gly Tyr Lys Gin Pro Asp Gly Ser Thr Leu Gly Asp Pro 
485 490 495 

Ala Asn Val Gin Phe Thr Glu He Cys He Gin Gin Gly Trp Lys Ala 
500 505 510 

Pro Arg Gly Arg Phe Asp Val Leu Pro Leu Leu Leu Gin Ala Asn Gly 

5X5 520 52:> 

Asn Asp Pro Glu Leu Phe Gin He Pro Pro Glu Leu Val Leu Glu Val 
530 535 540 

Pro He Arg His Pro Lys Phe Asp Trp Phe Lys Asp Leu Gly Leu Lys 
545 550 555 560 

Trp Tyr Gly Leu Pro Ala Val Ser Asn Met Leu Leu Glu He Gly Gly 
565 570 575 

Leu Glu Phe Ser Ala Cys Pro Phe Ser Gly Trp Tyr Met Gly Thr Glu 
580 585 590 

He Gly Val Arg Asp Tyr Cys Asp Asn Ser Arg Tyr Asn He Leu Glu 
595 600 605 

Glu Val Ala Lys Lys Met Asp Leu Asp Met Arg Lys Thr Ser Ser Leu 
610 615 620 

Trp Lys Asp Gin Ala Leu Val Glu He Asn He Ala Val Leu Tyr Ser 
625 630 635 640 

Phe Gin Ser Asp Lys Val Thr He Val Asp His His Ser Ala Thr Glu 
645 650 655 

Ser Phe He Lys His Met Glu Asn Glu Tyr Arg Cys Arg Gly Gly Cys 
660 665 670 

Pro Ala Asp Trp Val Trp He Val Pro Pro Met Ser Gly Ser He Thr 
675 680 685 

Pro Val Phe His Gin Glu Met Leu Asn Tyr Arg Leu Thr Pro Ser Phe 
690 695 700 
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Glu Tyr Gin Pro Asp Pro Trp Asn Thr His Val Trp Lys Gly Thr Asn 
705 710 715 720 

Gly Thr Pro Thr Lys Arg Arg Ala He Gly Phe Lys Lys Leu Ala Glu 
725 730 735 

Ala Val Lys Phe Ser Ala Lys Leu Met Gly Gin Ala Met Ala Lys Ara 
740 745 750 

Val Lys Ala Thr He Leu Tyr Ala Thr Glu Thr Gly Lys Ser Gin Ala 
755 760 765 

Tyr Ala Lys Thr Leu Cys Glu He Phe Lys His Ala Phe Asp Ala Lys 
770 775 780 

Ala Met Ser Met Glu Glu Tyr Asp He Val His Leu Glu His Glu Ala 
785 790 795 800 

Leu Val Leu Val Val Thr Ser Thr Phe Gly Asn Gly Asp Pro Pro Glu 
805 810 815 

Asn Gly Glu Lys Phe Gly Cys Ala Leu Met Glu Met Arg His Pro Asn 
820 825 830 

Ser Val Gin Glu Glu Arg Lys Ser Tyr Lys Val Arg Phe Asn Ser Val 
635 840 845 

Ser Ser Tyr Ser Asp Ser Arg Lvs Ser Sst- gIv asT> ni-^r pr^^ n^T^ t.^,^ 
850 ■ 855 * ' 860 ^ - - ^ 

Arg Asp Asn Phe Glu Ser Thr Gly Pro Leu Ala Asn Val Arg Phe Ser 
865 870 875 880 

Val Phe Gly Leu Gly Ser Arg Ala Tyr Pro His Phe Cys Ala Phe Gly 
885 890 895 

His Ala Val Asp Thr Leu Leu Glu Glu Leu Gly Gly Glu Arg He Leu 
900 905 910 

Lys Met Arg Glu Gly Asp Glu Leu Cys Gly Gin Glu Glu Ala Phe Arg 
915 920 925 

Thr Trp Ala Lys Lys Val Phe Lys Ala Ala Cys Asp Val Phe Cys Val 
930 935 940 

Gly Asp Asp Val Asn He Glu Lys Pro Asn Asn Ser Leu He Ser Asn 
945 950 955 960 

Asp Arg Ser Trp Lys Arg Asn Lys Phe Arg Leu Thr Tyr Val Ala Glu 
965 970 975 

Ala Pro Asp Leu Thr Gin Gly Leu Ser Asn Val His Lys Lys Arg Val 
980 985 990 

Ser Ala Ala Arg Leu Leu Ser Arg Gin Asn Leu Gin Ser Pro Lys Phe 
995 1000 1005 

Ser Arg Ser Thr He Phe Val Arg Leu His Thr Asn Gly Asn Gin Glu 
1010 1015 1020 

Leu Gin Tyr Gin Pro Gly Asp His Leu Gly Val Phe Pro Gly Asn His 
1025 1030 1035 1040 
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Glu Asp Leu Val Asn Ala Leu lie Glu Arg Leu Glu Asp Ala Pro Pro 
1045 1050 1055 

Ala Asn His Val Val Lys Val Glu Met Leu Glu Glu Arg Asn Thr Ala 
1060 1065 1070 

Leu Gly Val lie Ser Asn Trp Lys Asp Glu Ser Arg Leu Pro Pro Cys 
1075 1080 1085 

Thr lie Phe Gin Ala Phe Lys Tyr Tyr Leu Asp lie Thr Thr Pro Pro 
1090 1095 1100 

Thr Pro Leu Gin Leu Gin Gin Phe Ala Ser Leu Ala Thr Asn Glu Lys 
1105 1110 1115 1120 

Glu Lys Gin Arg Leu Leu Val Leu Ser Lys Gly Leu Gin Glu Tyr Glu 
1125 1130 1135 

Glu Trp Lys Trp Gly Lys Asn Pro Thr Met Val Glu Val Leu Glu Glu 
1140 1145 1150 

Phe Pro Ser lie Gin Met Pro Ala Thr Leu Leu Leu Thr Gin Leu Ser 
1155 1160 1165 

Leu Leu Gin Pro Arg Tyr Tyr Ser lie Ser Ser Ser Pro Asp Met Tyr 
1170 1175 1180 

Pro Asp Glu Val His Leu Thr Val Ala He Val Ser Tyr His Thr Arg 
11B5 1150 11D5 1200 

Asp Gly Glu Gly Pro Val His His Gly Val Cys Ser Ser Trp Leu Asn 
1205 1210 1215 

Arg He Gin Ala Asp Asp Val Val Pro Cys Phe Val Arg Gly Ala Pro 
1220 1225 1230 

Ser Phe His Leu Pro Arg Asn Pro Gin Val Pro Cys He Leu Val Gly 
1235 1240 1245 

Pro Gly Thr Gly He Ala Pro Phe Arg Ser Phe Trp Gin Gin Arg Gin 
1250 1255 1260 

Phe Asp He Gin His Lys Gly Met Asn Pro Cys Pro Met yal Leu Val 
1265 1270 1275 1280 

Phe Gly Cys Arg Gin Ser Lys He Asp His He Tyr Arg Glu Glu Thr 
1285 1290 1295 

Leu Gin Ala Lys Asn Lys Gly Val Phe Arg Glu Leu Tyr Thr Ala Tyr 
1300 1305 1310 

Ser Arg Glu Pro Asp Arg Pro Lys Lys Tyr Val Gin Asp Val Leu Gin 
1315 1320 1325 

Glu Gin Leu Ala Glu Ser Val Tyr Arg Ala Leu Lys Glu Gin Gly Gly 
1330 1335 1340 

His He Tyr Val Cys Gly Asp Val Thr Met Ala Ala Asp Val Leu Lys 
1345 1350 1355 1360 

Ala He Gin Arg He Met Thr Gin Gin Gly Lys Leu Ser Glu Glu Asp 
1365 1370 1375 
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Ala Gly Val Phe lie Ser Arg Leu Arg Asp Asp Asn Arg Tyx His Glu 
1380 1385 1390 

Asp lie Phe Gly Val Thr I^eu Arg Thr Tyr Glu Val Thr Asn Arg Leu 
1395 1400 1405 

Arg Ser Glu Ser lie Ala Phe lie Glu Glu Ser Lys Lys Asp Ala Asp 
1410 1415 1420 

Glu Val Phe Ser Ser 
1425 

(2) INFORMATION FOR SEQ ID NO : 12 : 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 1144 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: protein 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:12: 

Met Ala Cys Pro Trp Lys Phe Leu Phe Lys Val Lys Ser Tyr Gin Ser 
1 5 10 15 

Asp Leu Lys Glu Glu Lys Asp lie Asn Asn Asn Val Lys Lys Thr Pro 
20 25 30 

Cys Ala Val Leu Ser Pro Thr lie Gin Asp Asp Pro Lys Ser His Gin 
35 40 45 

Asn Gly Ser Pro Gin Leu Leu Thr Gly Thr Ala Gin Asn Val Pro Glu 
50 55 60 

Ser Leu Asp Lys Leu His Val Thr Ser Thr Arg Pro Gin Tyr Val Arg 
65 70 75 80 

lie Lys Asn Trp Gly Ser Gly Glu lie Leu His Asp Thr Leu His His 
85 90 95 

Lys Ala Thr Ser Asp Phe Thr Cys Lys Ser Lys Ser Cys Leu Gly Ser 
100 105 110 

lie Met Asn Pro Lys Ser Leu Thr Arg Gly Pro Arg Asp Lys Pro Thr 
115 120 125 

Pro Leu Glu Glu Leu Leu Pro His Ala lie Glu Phe lie Asn Gin Tyr 
130 135 140 

Tyr Gly Ser Phe Lys Glu Ala Lys lie Glu Glu His Leu Ala Arg Leu 
145 150 155 160 

Glu Ala Val Thr Lys Glu lie Glu Thr Thr Gly Thr Tyr Gin Leu Thr 
165 170 175 

Leu Asp Glu Leu lie Phe Ala Thr Lys Met Ala Trp Arg Asn Ala Pro 
180 185 190 
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Arg Cys He Gly Arg He Gin Trp Ser Asn Leu Gin Val Phe Asp Ala 
195 200 205 

Arg Asn Cys Ser Thr Ala Gin Glu Met Phe Gin His He Cys Arg His 
210 215 220 

He Leu Tyr Ala Thr Asn Asn Gly Asn He Arg Ser Ala He Thr Val 
225 230 235 240 

Phe Pro Gin Arg Ser Asp Gly Lys His Asp Phe Arg Leu Trp Asn Ser 
245 250 255 

Gin Leu He Arg Tyr Ala Gly Tyr Gin Met Pro Asp Gly Thr He Arg 
260 265 270 

Gly Asp Ala Ala Thr Leu Glu Phe Thr Gin Leu Cys He Asp Leu Gly 
275 280 285 

Trp Lys Pro Arg Tyr Gly Arg Phe Asp Val Leu Pro Leu Val Leu Gin 
290 295 300 

Ala Asp Gly Gin Asp Pro Glu Val Phe Glu He Pro Pro Asp Leu Val 
305 310 315 320 

Leu Glu Val Thr Met Glu His Pro Lys Tyr Glu Trp Phe Gin Glu Leu 
325 330 335 

Gly Leu Lys Trp Tyr Ala Leu Pro Ala Val Ala Asn Met Leu Leu Glu 
340 345 

Val Gly Gly Leu Glu Phe Pro Ala Cys Pro Phe Asn Gly Trp Tyr Met 
355 360 365 

Gly Thr Glu He Gly Val Arg Asp Phe Cys Asp Thr Gin Arg Tyr Asn 
370 375 380 

He Leu Glu Glu Val Gly Arg Arg Met Gly Leu Glu Thr His Thr Leu 
385 390 395 400 

Ala Ser Leu Trp Lys Asp Arg Ala Val Thr Glu He Asn Val Ala Val 
405 410 415 

Leu His Ser Phe Gin Lys Gin Asn Val Thr He Met Asp His His Thr 
420 425 430 

Ala Ser Glu Ser Phe Met Lys His Met Gin Asn Glu Tyr Arg Ala Arg 
435 440 445 

Gly Gly Cys Pro Ala Asp Trp He Trp Leu Val Pro Pro Val Ser Gly 
450 455 460 

Ser He Thr Pro Val Phe His Gin Glu Met Leu Asn Tyr Val Leu Ser 
465 470 475 480 

Pro Phe Tyr Tyr Tyr Gin He Glu Pro Trp Lys Thr His He Trp Gin 
485 490 495 

Asn Glu Lys Leu Arg Pro Arg Arg Arg Glu He Arg Phe Arg Val Leu 
500 505 510 

Val Lys Val Val Phe Phe Ala Ser Met Leu Met Arg Lys Val Met Ala 
515 520 525 
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Ser Arg Val Arg Ala Thr Val Leu Phe Ala Thr Glu Thr Gly Lvs Ser 
530 535 540 

Glu Ala Leu Ala Arg Asp Leu Ala Thr Leu Phe Ser Tyr Ala Phe Asn 

550 555 560 

Thr Lys Val Val Cys Met Asp Gin Tyr Lys Ala Ser Thr Leu Glu Glu 
565 570 575 

Glu Gin Leu Leu Leu Val Val Thr Ser Thr Phe Gly Asn Gly Asp Cys 
580 585 590 

Pro Ser Asn Gly Gin Thr Leu Lys Lys Ser Leu Phe Met Leu Arg Glu 
595 600 605 

Leu Asn His Thr Phe Arg Tyr Ala Val Phe Gly Leu Gly Ser Ser Met 
610 615 620 

Tyr Pro Gin Phe Cys Ala Phe Ala His Asp He Asp Gin Lys Leu Ser 
625 630 635 640 

His Leu Gly Ala Ser Gin Leu Ala Pro Thr Gly Glu Gly Asp Glu Leu 
645 650 655 

Ser Gly Gin Glu Asp Ala Phe Arg Ser Trp Ala Val Gin Thr Phe Arg 
660 665 670 

Ala Ala Cys Glu Thr Phe Asp Val Arg Ser Lys His His He Gin Tie 
675 680 ' 685 

Pro Lys Arg Phe Thr Ser Asn Ala Thr Trp Glu Pro Gin Gin Tyr Arg 
690 695 700 

Leu He Gin Ser Pro Glu Pro Leu Asp Leu Asn Arg Ala Leu Ser Ser 
705 710 715 720 

He His Ala Lys Asn Val Phe Thr Met Arg Leu Lys Ser Gin Gin Asn 
725 730 735 

Leu Gin Ser Glu Lys Ser Ser Arg Thr Thr Leu Leu Val Gin Leu Thr 
740 745 750 

Phe Glu Gly Ser Arg Gly Pro Ser Tyr Leu Pro Gly Glu His Leu Gly 
755 760 765 

He Phe Pro Gly Asn Gin Thr Ala Leu Val Gin Gly He Leu Glu Arg 
770 775 780 

Val Val Asp Cys Pro Thr Pro His Gin Thr Val Cys Leu Glu Val Leu 
785 790 795 800 

Asp Glu Ser Gly Ser Tyr Trp Val Lys Asp Lys Arg Leu Pro Pro Cys 
805 810 815 

Ser Leu Ser Gin Ala Leu Thr Tyr Phe Leu Asp He Thr Thr Pro Pro 
820 825 830 

Thr Gin Leu Gin Leu His Lys Leu Ala Arg Phe Ala Thr Asp Glu Thr 
835 640 845 

Asp Arg Gin Arg Leu Glu Ala Leu Cys Gin Pro Ser Glu Tyr Asn Asp 
850 855 860 
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Trp Lys Phe Ser Asn Asn Pro Thr Phe Leu Glu Val Leu Glu Glu Phe 
865 870 875 880 

Pro Ser Leu His Val Pro Ala Ala Phe Leu Leu Ser Gin Leu Pro lie 
885 890 895 

Leu Lys Pro Arg Tyr Tyr Ser lie Ser Ser Ser Gin Asp His Thr Pro 
900 905 910 

Ser Glu Val His Leu Thr Val Ala Val Val Thr Tyr Arg Thr Arg Asp 
915 920 925 

Gly Gin Gly Pro Leu His His Gly Val Cys Ser Thr Trp lie Arg Asn 
930 935 940 

Leu Lys Pro Gin Asp Pro Val Pro Cys Phe Val Arg Ser Val Ser Gly 
945 950 955 960 

Phe Gin Leu Pro Glu Asp Pro Ser Gin Pro Cys lie Leu lie Gly Pro 
965 970 975 

Gly Thr Gly lie Ala Pro Phe Arg Ser Phe Trp Gin Gin Arg Leu His 
980 985 990 

Asp Ser Gin His Lys Gly Leu Lys Gly Gly Arg Met Ser Leu Val Phe 
995 1000 1005 

Gly Cys Arg His Pro Glu Glu Asp His Leu Tyr Gin Glu Glu Met Gin 
1010 1015 iu20 

Glu Met Val Arg Lys Arg Val Leu Phe Gin Val His Thr Gly Tyr Ser 
1025 1030 1035 1040 

Arg Leu Pro Gly Lys Pro Lys Val Tyr Val Gin Asp lie Leu Gin Lys 
1045 1050 1055 

Gin Leu Ala Asn Glu Val Leu Ser Val Leu His Gly Glu Gin Gly His 
1060 1065 1070 

Leu Tyr lie Cys Gly Asp Val Arg Met Ala Arg Asp Val Ala Thr Thr 
1075 1080 1085 

Leu Lys Lys Leu Val Ala Thr Lys Leu Asn Leu Ser Glu Glu Gin Val 
1090 1095 1100 

Glu Asp Tyr Phe Phe Gin Leu Lys Ser Gin Lys Arg Tyr His Glu Asp 
1105 1110 1115 1120 

lie Phe Gly Ala Val Phe Ser Tyr Gly Ala Lys Lys Gly Ser Ala Leu 
1125 1130 1135 

Glu Glu Pro Lys Ala Thr Arg Leu 
1140 



(2) INFORMATION FOR SEQ ID NO: 13: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 20 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : 

(D) TOPOLOGY: linear 
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(ii) MOLECULE TYPE: peptide 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 13: 

Gly Asp Pro Ala Asn Val Glu Phe Thr Glu lie Cys lie Gin Gin Gly 
15 10 15 

Trp Lys Pro Arg 
20 

(2) INFORMATION FOR SEQ ID NO: 14: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 2 0 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: peptide 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 14: 

Gly Asp Pro Met Asn Val Glu Phe Thr Glu Thr Val Ala Leu Lys Met 
1.5 10 15 

Gin Leu Asp Thr 
20 



(2) INFORMATION FOR SEQ ID NO: 15: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 2 0 amino acids 

(B) TYPE: amino acid 

( C ) STRANDEDNESS : 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: peptide 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 15: 

Cys Asp Asn Ser Arg Tyr Asn lie Leu Glu Glu Val Ala Lys Lys Met 
15 10 15 

Asp Leu Asp Met 
20 



(2) INFORMATION FOR SEQ ID NO: 16: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 20 amino acids 

(B) TYPE: amino acid 

( C ) STRANDEDNES S : 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: peptide 



BNSDOCID: <WO 961 127QA1 J_> 



wo 96/1 1270 PCTAJS95/13198 



-120- 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 16: 

Gly Asp Pro Ala Asn Val Glu Phe Thr Glu Glu Val Ala Lys Lys Met 
15 10 15 

Asp Leu Asp Met 
20 



(2) INFORMATION FOR SEQ ID NO: 17: 

(i) SEQXJENCE CHARACTERISTICS: 

(A) LENGTH: 57 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS : double 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic) 



(xi) SEQXJENCE DESCRIPTION: SEQ ID NO: 17: 
CGTCTAGATC TATGACTGAA TATGACGTAA TATGACGTAA TGGTACCAGA TCTGGCC 57 



(2) INFORMATION FOR SEQ ID NO: IB: 

(i) SEQUENCE CHARACTERISTICS: 

(B) TYPE: nucleic acid 
(C> STRANDEDNESS: double 
{ D ) TOPOLOGY : 1 inea r 

(ii) MOLECULE TYPE: DNA (genomic) 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 18: 
AAATGACGTA ACGGAAATGA CGTAACGGAA ATGACGTAAC G 41 



(2) INFORMATION FOR SEQ ID NO: 19: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 42 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: double 

(D) TOPOLOGY : 1 inear 

(ii) MOI-E(rULE TYPE: DNA (genomic) 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 19: 
AAATGAATTA ACGGAAATGA ATTAACGGAA ATGAATTAAC GG 



(2) INFORMATION FOR SEQ ID NO: 20: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 61 base pairs 

(B) TYPE: nucleic acid 
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(C) STRANDEDNESS : doiible 

(D) TOPOLOGY: linear 

(ii) MOIiECULE TYPE: DNA (genomic) 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 20: 
TGCACGGGTT TTCGACGTTC ACTGGTAGTG TCTGATGAGG CCGAAAGGCC GAAACGCGAT 
GCCCATAACC ACCACGCTCA G 



(2) INFORMATION FOR SEQ ID NO: 21: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 100 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS : double 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic) 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO:21: 
TCGACCCACA GTTTCGGGTT TTCGAGCAAG TCTGCTAGTG TCTGATGAGG CCGAAAGGCC 
GAAACGCGAA GCCGTATTGC ACCACGCTCA TCGAGAAGGC 



(2) INFORMATION FOR SEQ ID NO: 22: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 55 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: double 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic) 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 22: 
CTAGAGCTTG CAAGCATGCT TGCAAGCAAG CATGCTTGCA AGCATGCTTG CAAGC 55 



(2) INFORMATION FOR SEQ ID NO: 23: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 34 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: double 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic) 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO:23: 
CTCTAGAGCG TACGCAAGCG TACGCAAGCG TACG 34 



60 
81 



60 
100 
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(2) INFORMATION FOR SEQ ID NO: 24: 

(i) SEQUENCE CHARACTERISTICS: 

(A) 1£N6TH: 17 amino acids 

(B) TYPE: amino acid 

( C) STRANDEDNESS : 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: peptide 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 24: 

Arg Lys Arg Glu lie Arg Leu Gin Lys Asn Arg Glu Ala Ala Arg Glu 
15 10 15 

Cys 

(2) INFORMATION FOR SEQ ID NO: 25: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 4491 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: CDNA 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 25: 

GAATTCCGTT TTTGAAAAGT GAAGCAATTG AGTGCGGCCC GAAAAAGAGA GCCGCAGAAA 60 

GTTTGCGAAC AGAATTTAAT CAAAAACTTG GAGGGTAAAT TGTCCAAGTG GTTCACCTGT 120 

TGGCTGCATT TTAAATCAAC GAGGCAAACA ATCAGCGCAG AGGAGCTGCT CCACGTTCCC 180 

CGGACAAGAT GTCGCAGCAT TTCACATCGA TATTTGAGAA CCTGCGATTC GTGACCATCA 240 

AACGTGCGAC AAATGCGCAA CAGCAACAGC AGCAGCAGCA GCAACAGCAA CTTCAGCAGC 300 

AGCAGCAGCA GCTGCAGCAA CAGAAGGCAC AGACACAGCA ACAAAATAGC AGAAAAATCA 360 

AAACTCAAGC AACGCCAACG TTGAATGGCA ATGGGCTCTT GAGCGGCAAT CCAAATGGCG 420 

GAGGCGGTGA CTCCTCGCCC AGCCATGAAG TGGACCATCC GGGTGGAGCA CAAGGAGCTC 480 

AAGCAGCAGG AGGCTTGCCA TCTTTAAGTG GCACGCCATT GAGGCACCAC AAGCGCGCCA 54 0 

GTATCTCCAC AGCATCGCCT CCAATTCGCG AACGGCGTGG CACCAACACC AGCATCGTGG 600 

TCGAACTGGA TGGCAGTGGC AGCGGGAGTG GGAGTGGCGG TGGTGGCGTT GGCGTTGGTC 660 

AGGGTGCGGG TTGTCCTCCC TCGGGCAGCT GCACTGCGTC CGGAAAAAGT TCGCGGGAAC 72 0 

TATCGCCGTC GCCGAAAAAC CAACAGCAGC CCAGAAAGAT GTCACAGGAT TATCGGTCGC 7 80 

GTGCCGGCAG CTTTATGCAC CTGGACGACG AGGGACGCAG TCTGCTGATG CGCAAGCCGA 840 
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TGAGACTGAA GAACATCGAG GGCAGGCCGG AGGTCTACGA CACGCTGCAC TGCAAGGGTC 900 

GCGAGATTCT TTCCTGCTCG AAGGCCACCT GTACGAGCAG CATTATGAAC ATTGGCAATG 960 

CGGCGGTGGA GGCCAGGAAA TCCGATCTGA TCCTCGAACA CGCCAAGGAC TTCCTCGAGC 102 0 

AGTACTTTAC ATCGATAAAG CGTACATCAT GTACCGCCCA CGAGACGCGA TGGAAACAGG 108 0 

TGCGCCAGAG CATTGAGACC ACTGGACACT ATCAGCTAAC CGAAACGGAG CTAATTTATG 114 0 

GTGCCAAATT GGCCTGGCGC AATTCTTCAC GTTGCATTGG CCGAATACAA TGGTCGAAGT 1200 

TGCAGGTCTT TGACTGTCGT TATGTGACAA CAACAAGTGG CATGTTTGAA GCCATTTGCA 1260 

ATCACATTAA ATATGCAACA AATAAGGGCA ACCTGAGATC GGCCATCACG ATATTTCCAC 1320 

AACGCACAGA TGCCAAGCAT GATTATCGCA TTTGGAATAA CCAATTAATA TCTTATGCCG 138 0 

GCTACAAGCA GGCGGATGGA AAAATCATTG GCGATCCCAT GAATGTGGAG TTTACAGAGG 144 0 

TCTGCACCAA GCTGGGCTGG AAGAGCAAGG GCAGCGAGTG GGACATACTG CCATTGGTGG 1500 

TCTCGGCCAA TGGTCACGAT CCGGACTACT TTGATTACCC GCCCGAATTG ATACTGGAAG 1560 

TTCCGCTGAC CCATCCCAAA TTCGAATGGT TCTCGGATCT GGGACTGCGA TGGTACGCCC 162 0 

TGCCCGCCGT ATCCAGTATG CTGTTCGATG TGGGCGGCAT TCAGTTTACG GCCACCACAT 1680 

TCAGTGGTTG GTACATGTCG ACAGAGATTG GCAGCCGGAA TTTATGCGAC ACAAATCGCC 174 0 

GCAATATGCT GGAGACGGTG GCGCTGAAGA TGCAACTGGA CACCCGTACG CCCACATCCT 1800 

TGTGGAAGGA CAAGGCTGTG GTGGAGATGA ACATTGCCGT GCTCCACTCC TACCAGAGTC 1860 

GCAACGTGAC CATTGTGGAT CACCACACGG CCAGCGAGAG CTTTATGAAG CATTTCGAGA 1920 

ACGAGTCCAA GCTCAGGAAT GGGTGTCCCG CTGATTGGAT TTGGATCGTG CCGCCGCTGT 198 0 

CGGGCTCCAT AACGCCGGTA TTCCATCAGG AGATGGCTCT GTACTACCTG AAGCCCTCGT 204 0 

TCGAGTACCA GGATCCCGCC TGGCGAACCC ACGTGTGGAA AAAGGGGCGT GGCGAGAGCA 2100 

AGGGCAAGAA GCCAAGACGT AAATTCAATT TTAAACAAAT CGCTAGGGCT GTGAAATTTA 216 0 

CATCGAAACT ATTTGGACGC GCCTTATCGA AACGCATAAA GGCAACAGTT CTATATGCCA 222 0 

CCGAAACTGG CAAATCGGAG CAGTATGCGA AGCAACTTTG TGAACTCCTA GGGCACGCAT 228 0 

TCAATGCACA GATATATTGC ATGTCCGACT ACGATATATC CTCCATTGAG CACGAGGCAT 234 0 

TGTTAATTGT TGTGGCCTCC ACCTTTGGCA ACGGTGATCC CCCCGAAAAC GGCGAGCTTT 24 00 

TCTCCCAGGA ATTGTATGCG ATGCGTGTCC AGGAGTCTTC CGAGCATGGA TTGCAGGACT 24 60 

CCAGCATTGG CTCGTCAAAG TCCTTCATGA AGGCCAGCTC GCGGCAGGAG TTCATGAAGC 2520 

TGCCACTGCA ACAGGTGAAG AGAATCGACC GATGGGACTC GCTGCGGGGC TCCACCTCGG 2580 

ACACCTTCAC CGAGGAGACC TTTGGTCCCC TCTCCAATGT CCGGTTTGCC GTTTTTGCCC 264 0 

TCGGCTCCTC GGCCTATCCA AATTTCTGCG CCTTCGGTCA GTATGTGGAC AACATTCTGG 27 00 
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CLAIMS 

What is claimed is: 

1. A method of regulating long term memory in an animal 
comprising inducing of expression of a dCREB2 gene or 

5 functional fragment thereof in the animal. 

2. The method of Claim 1 wherein the dCREB2 gene encodes 
a cyclic 3 ' , 5 ' -adenosine monophosphate responsive 
activator isoform and inducing of said gene results in 
the potentiation of long term memory. 

10 3. The method of Claim 2 wherein the activator isoform is 
dCREB2-a or an analogue thereof. 

4 . The method of Claim 2 wherein induction of the dCREB2 
gene encoding a cyclic 3 5 ' -adenosine monophosphate 
responsive activator isoform activates the production 
<=>^ a protein which is necessary for the formation of 
long term memory. 

5 . The method of Claim 4 wherein the activator isoform is 
dCREB2-a or an analogue thereof. 



20 



6. The method Claim 1 wherein the dCREB2 gene encodes a 
repressor isoform and inducing of said gene results in 
the blocking of long term memory. 

7. The method of Claim 6 wherein the repressor isoform is 
dCREB2-b or an analogue thereof. 
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A method of regulating long term memory in an animal 
comprising inducing repressor and activator isoforms 
of dCREB2 wherein long term memory is potentiated in 
the animal when the net amount of functional activator 
(AC) is greater than zero. 

The method of Claim 8 wherein the repressor isoform is 
dCREB2-b or an analogue thereof and the activator 
isoform is dCREB2-a or an analogue thereof. 

A method of identifying a substance capable of 
affecting long term memory in an animal comprising the 
determination that said substance alters the induction 
or activity of repressor and activator isoforms of 
dCREB2 from normal in the animal . 

A method of enhancing long term memory formation in an 
animal comprising increasing the level of activator 
homodimer from normal in an animal . 

The method of Claim 11 wherein the activator homodimer 
is a dCREB2a homodimer. 

A method of enhancing long term memory formation in an 
animal comprising decreasing the level of activator- 
repressor heterodimer from normal in an animal . 

The method of Claim 13 wherein the activator-repressor 
heterodimer is a dCREB2a-dCREB2b heterodimer. 

A method of enhancing long term memory formation in an 
animal comprising decreasing the level of repressor 
homodimer from normal in an animal. 
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16 . The method of Claim 15 wherein the repressor homodimer 
is a dCREB2b homodimer, 

17. A method of identifying a substance capable of 
affecting long term memory in an animal comprising the 

5 determination that said substance alters from normal, 

in the animal, the formation of a dimer selected from 
the group consisting of: activator homodimer, 
activator-repressor heterodimer and repressor 
homodimer . 

10 18. Isolated DNA encoding a cyclic 3 5 ' -adenosine 

monophosphate responsive transcriptional activator . 

19. The isolated DNA of Claim 18 wherein the cyclic 3',5'- 
adenosine monophosphate responsive transcriotional 
activator is encoded by a Drosophila, dCREB2 gene. 

15 20. The isolated DNA of Claim 18 wherein the Drosophila 
dCREB2 gene codes for a dCREB2-a isoform. 

21. The isolated DNA of Claim 18 which hybridizes to DNA 
having the sequence in Figure lA (SEQ ID NO. : 1) , 

22, The isolated DNA of Claim 18 which encodes the amino 
2 0 acid sequence in Figure lA (SEQ ID NO.: 2). 

23. Isolated DNA encoding an antagonist of cyclic 3',5'- 
adenosine monophosphate -inducible transcription, 

24 , The isolated DNA of Claim 23 wherein the antagonist of 
cyclic 3 5 ' -adenosine monophosphate -inducible 

25 transcription is encoded by a Drosophxla dCREB2 gene 

or a functional fragment thereof . 
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25. The isolated DNA of Claim 24 wherein the Drosophila 
dCREB2 gene codes for a dCREB2-b isoform, 

26 - An isolated DNA which encodes a Drosophila dCREB2 gene 
or a functional fragment thereof. 

5 27. The isolated DNA of Claim 26 wherein the Drosophila. 

dCREB2 gene codes for an isoform selected from the 
group consisting of: 

a) dCREB2-a; 

b) dCREB2-b; 

10 c) dCREB2-c; and 

d) dCREB2-d. 

28. The isolated DNA of Claim 26 wherein the Drosophila 
dCREB2 gene codes for an isoform selected from the 
group consisting of: 

15 a) dCREB2-q; 

b) dCREB2-r; and 

c) dCREB2-s. 

29. Isolated DNA encoding an enhancer-specific activator. 

30. The isolated DNA of Claim 29 wherein the enhancer 

20 specific activator is encoded by a Drosophila dCREBl 

gene or a functional fragment thereof. 

31. The isolated DNA of Claim 30 which hybridizes to DNA 
having the sequence in Figure 5 (SEQ ID NO. : 7) . 

32. The isolated DNA of Claim 30 which encodes the amino 
25 acid sequence in Figure 5 (SEQ ID NO. : 8) . 

33. Isolated DNA encoding a nitric oxide synthase of 
Drosophila (DNOS) . 
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The DNA of Claim 33 encoding a DNOS of neuronal locus. 

The DNA of Claim 3 3 encoding a DNOS which contains 
putative heme, calmodulin, FMN, FAD and NADPH binding 
site domains. 



5 36. A method for assessing the effect of a drug on long 
term memory formation comprising: 

a) administering said drug to Drosophzla; 

b) subjecting the Drosophila to classical 
conditioning and to at least one odorant and 

10 electrical shock; and 

c) assessing the performance index of said classical 
conditioning , 

wherein the effect of said drug occurs when said drug 
alters said performance index from normal. 

15 37. A method of Claim 36 wherein said drug affects long 

term memory formation by altering the induction or 

activity of repressor and activator isoforms of 
dCREB2 . 
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